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The socio-economic development and advances in medical health around the 
world have enabled humanity to pursue longevity. China, as a major develop- 
ing country with 1.4 billion people, will become an aging society soon with 
14% of the citizens aged 65 and above. By 2060, one in three Chinese will be 
over 65 years old. Du Fu, a great poet in the Tang Dynasty, once lamented the 
brevity of life, “It is rare for a man to live to seventy.” But living up to 70 
years is not an exception any more nowadays. 

Aging has become one of the most universal bodily and physical experi- 
ences for humanity. Life is like running on an extending track. As you keep 
going, it is inevitable that you will meet the issue of “aging” along the way. 
In the last stretch, aging and the accompanying physical decline and cognitive 
degeneration will limit our movement and thinking, undermining the quality 
of our life and our senses of happiness. By this stage, we will experience all 
kinds of “fatigue,” which can have various meanings for different people: for 
some, fatigue might mean the pain caused by chronic physical diseases, and 
for others it represents the suffering of psychiatric disorders as terrifying as 
Alzheimer’s Disease and other types of dementia. In China, 5.3% of the pop- 
ulation aged 65 and above endure dementia. They should have enjoyed the 
remaining time of their life but end up leaving with fragmented memories. 

China is not the only aging society. In fact, the entire world is aging fast. 
The United Nations (UN) predicts that by mid-century, the proportion of the 
global population aged 60 and above will equal or even exceed that of chil- 
dren aged 14 and under. Such a demographic shock, though unprecedented 
and historic, seems now irreversible and normal. These profound changes 
have urged individuals and groups alike to learn about “aging” in order to 
better cope with this issue. 

It does not mean, however, we should indulge in negative emotions such 
as depression and fear. The aging of the body and the mind is inevitable in the 
foreseeable future, but effective interventions can still be found to delay it. 
Today, life sciences, behavioral sciences, and brain and cognitive sciences 
have developed by leaps and bounds, providing insights and inspirations into 
the deceleration of the aging process. Scientists in various fields around the 
world have been dedicated around the clock to improving the well-being and 
the dignity of people in their twilight years. The book is an epitome of their 
extensive and outstanding work. 

This book brings home to us the process of aging from the perspectives of 
behavioral sciences as well as brain and cognitive sciences. It helps us dive 


vi 

deeper into some of the most important aging-related questions: What are the 
declining signs of our cognitive abilities and brain functions? What ground- 
breaking explorations and contributions have been engendered in this field? 
What are the factors that affect the aging processes? What are the differences 
between pathological aging and natural aging? How do we take a scientific 
approach to distinguishing them? ... In addition, the book presents the latest 
findings in aging, such as the distinctive non-pharmacological intervention 
and the research progress on the effects of Traditional Chinese Medicine in 
delaying aging. 

The word “aging” tends to cause melancholy as experienced by people on 
their deathbed, behind which belies the cruel metaphor that aging seems to be 
the opposite of anything great. Beauty, vigor, health, and strength seem to 
have nothing to do with old age. As social welfare and attitudes are improv- 
ing, nevertheless, people come to realize that aging might also become a 
blessing instead of a curse because even though we have to suffer from losses 
in this process, we can work to gain benefits from it. In 2002, “active aging” 
was made by the UN as part of its action plan on coping with population 
aging. It appeals to people to give full play to their rights and potentials dur- 
ing their entire life and secure the needed protection, help, and care. It is now 
an essential life lesson to learn about and get ready for aging. 

Youth is often compared to the sun at eight or nine in the morning, blazing, 
and rising. However brightly it shines, it will become soft and warm when it 
goes down towards the horizon, just as the elderly people become contented 
and peaceful. Similarly, aging is not synonymous with pessimism and misery 
and dementia is not the destination of everyone’s journey. I hope this book 
can provide you with the knowledge and energy to embrace and actively cope 
with aging. It is a gift to enter the twilight years. I hope that everyone will live 
a healthy and graceful life with dignity at an old age, as Kant, the founder of 
German classical philosophy, wished: “To play a deep and romantic serenade 
in the twilight.” 


Beijing, China Zhanjun Zhang 
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Abstract 


Nowadays, China has rapidly progressed into 
an aging society and is faced with huge chal- 
lenges on public health. Aging is accompa- 
nied by the structural and functional 
alterations in the brain, which leads to the 
cognitive decline in the elderly and acts as 
the primary risk factor for dementia. 
However, the aging brain has not been well 
understood at a systemic level. This chapter 
presents the definition of brain health, the 
aging situation in China, an overview of the 
BABRI, the purpose of writing this book, and 
the introductions of the chapters, respec- 
tively, which will contribute to knowledge of 
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the underlying mechanisms of healthy and 
pathological aging of the brain. 


Keywords 


Brain health - Active aging - Alzheimer’s 
disease (AD) - Dementia - Beijing Aging 
Brain Rejuvenation Initiative (BABRI) - 
Aging brain 


1.1 The Importance 
and Significance of Brain 
Health 

1.1.1 Brain Health and Active Aging 


Brain health is defined as “the ability to perform 
all the mental processes of cognition, including 
the ability to learn and judge, use language, and 
remember” [1]. A healthy brain performs nor- 
mal cognitive functions, such as memory, emo- 
tions, and movements, which support our daily 
tasks and performance and affect the quality of 
our lives. Additionally, a healthy brain is also 
essential for pursuing longevity and health [2]. 
When discussing “pursuing longevity,” healthy 
aging is a topic that could never be ignored, and 
more importantly, the current theme of “active 
aging” provides more inclusive information 
than “healthy aging” [3]. According to the defi- 
nition provided by the World Health 
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Organization (WHO), “active aging” is “the 
process of optimizing opportunities for health, 
participation, and security to enhance the qual- 
ity of life as people age” [4]. Here, “active” 
refers to “continuing participation in social, 
economic, cultural, spiritual, and civic affairs, 
more than the abilities to be physically active or 
to participate in the labor force,” and the word 
“health” refers to health in the aspects of physi- 
cal, mental, and social well-being [4]. When 
elderly individuals remain healthy, their subjec- 
tive well-being level increases, and the costs of 
healthcare services and medical treatment can 
be saved [5]. To promote active aging, the 
impacts of the aging brain must be considered 
since a healthy brain is a fundamental principle 
for a healthy life. 


1.1.2 The Impact of an Unhealthy 
Brain on Individuals 


A healthy brain directly affects the physical and 
mental health of the individuals. With aging, the 
structure of the brain will change, such as a 
decrease in the volume of the whole brain [6], 
which in turn affects cognitive ability [7]. 
Moreover, the associations between cognitive 
deficits and psychiatric disorders [8] should be 
considered accordingly. 

Individuals are affected by unhealthy brain, 
and the family members of elderly individuals 
and society are facing considerable challenges. 
Those who take care of individuals with 
Alzheimer’s disease (AD) may experience a 
problem known as caregiver burden, which 
refers to unpleasant experiences with emo- 
tional, social, financial, physical, and spiritual 
functioning [9]. Moreover, the financial pres- 
sure experienced by the government and fami- 
lies should be given much more attention. 
According to the Alzheimer’s association’s 
report [10], the costs of AD and related demen- 
tia will reach 305 billion US dollars. Thus, 
society needs to build a public health system to 
provide special care services for elderly 
people. 
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1.2 The Current Aging Situation 
in China 
1.2.1 Brief Overview of the Aging 


Population in China 


The aging population in China is massively 
increasing. The estimated number of aging popu- 
lation is projected to be more than 400 million in 
2050, which is 30% of the total population in 
China. According to the data in the 2019 
Statistical Bulletin on the Development of Civil 
Affairs, 253.9 million residents in China are older 
than 60 years. Generally, the average time that 
the developed countries spend entering an aging 
society is 45 years. For instance, among the 
developed countries, France spent 130 years, 
Sweden spent 85 years, and Australia and the 
USA spent 79 years, respectively. However, 
China only spent 27 years, which is 18 years 
faster than the developed countries [11]. 


1.2.2 Challenges with the Aging 
Population 


An aging population has an increased preva- 
lence of dementia. Over six million Chinese 
elderly individuals suffered from dementia in 
2010, and this number substantially increased 
over the next ten years and reached 10 million in 
2020. Challenges are associated with the tre- 
mendous number of both the aging populations 
and dementia patients. The first challenge is the 
economic pressure faced by both the govern- 
ment and families. Elderly social welfare 
expenses in China, which were provided by the 
government, reached 45.3 billion RMB in 2019 
[12]. The second challenge is the growing need 
for elderly special care services. Due to the 
transformation of Chinese society, families are 
no longer the primary care providers for elderly 
individuals. Therefore, the “empty nest” elderly 
require help from other elderly care services. 
However, these demands require more resources 
and attention from the current social welfare 
system in China. The third challenge is the poor 
awareness and acknowledgement of dementia in 
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communities. Without a proper understanding 
and recognition, suitable services will be diffi- 
cult to provide for the elderly. The fourth chal- 
lenge is the lack of effective intervention and 
prevention programs [11]. Therefore, an evi- 
dence-based healthcare system is urgently 
needed in the society. Large-scale and longitu- 
dinal cohort studies can provide crucial research 
support in terms of the development of effective 
early prevention and intervention systems, 
which is a part of evidence-based healthcare 
system. To meet all these demands, the Beijing 
Aging Brain Rejuvenation Initiative (BABRI) 
was developed and initiated in 2008. 


1.3 Beijing Aging Brain 
Rejuvenation Initiative 


(BABRI) 


The BABRI has been launched and been con- 
ducted by Beijing Normal University since 2008, 
which included a data collection and prevention 
strategy design. Specifically, longitudinal infor- 
mation regarding aging, cognition, neuroimaging 
and biological data were collected accordingly, 
and prevention strategies have been designed for 
elderly individuals with normal cognition and 
cognitive impairment. Nevertheless, the BABRI 
is the first community-based cohort study focus- 
ing on primary and secondary prevention of 
dementia in China, and its longitudinal aging- 
related data collection makes early detection 
of dementia at communities possible. Moreover, 
the BABRI is also designed to help facilitate the 
development of the China’s National Plan on 
aging and dementia. 

The main goal of the BABRI is to identify risk 
markers of cognitive impairment and to depict 
developmental trajectory of AD and other types 
of dementia. The specific aims of the project are 
to (1) identify markers of different stages of cog- 
nitive impairment and dementia/AD, (2) under- 
stand the basic principles of cognitive aging and 
underlying brain mechanisms, (3) formulate and 
validate tools and norms for the cognitive screen- 
ing of Chinese elderly individuals in community 
settings, and (4) test prevention strategies and 


potential alternative interventions for cognitive 
impairment and dementia at early stages [13]. 

All participants in the BABRI were native 
Chinese speakers, aged 50 years or above at the 
initial registration and baseline recruitment, and 
had normal or rectified normal vision, hearing, 
and speech functions. It is worth noting that 
unlike other cohort studies reported in the world, 
the BABRI has primarily recruited its partici- 
pants from local communities, rather than mem- 
ory clinics or hospitals, in Beijing since 2008. 
And after the BABRI was expanded into a multi- 
center project known as the BABRI-National 
Consortium (BABRI-NC) in the year of 2017, 
participants were also recruited from communi- 
ties from other regions of China. 

Older community residents were initially reg- 
istered via brief telephone or face-to-face surveys 
on demographic information and medical history, 
followed by detailed assessments on health sta- 
tus, daily behaviors, and cognitive function, and 
would be revisited every two or three years over 
the 20 years of the project. During their participa- 
tion in the BABRI project, the older individuals 
who met the inclusion criteria underwent mag- 
netic resonance imaging (MRI) and positron 
emission tomography (PET) brain 
Generally, the measurements included in the 
BABRI can be grouped into the following eight 
categories: (1) demographic characteristics; (2) 
medical records; (3) cognitive profiles; (4) life- 
styles and habits; (5) emotional status; (6) bio- 
chemical markers; (7) genotypes; and (8) 
neuroimaging features. 

By December 2020, 10,671 participants 
(60.28% female) joined the BABRI project. 
Among the older adults in Beijing, 2021 partici- 
pants were followed up once or more at a two- or 
three-year interval. The BABRI is currently at its 
15-year benchmark, which is more than halfway 
of the 20-year blueprint of the initiative. The 
research team of the BABRI expects to build a 
systematic framework for brain health, to apply 
the knowledge achieved regarding the underlying 
mechanisms of cognitive impairment and cogni- 
tive aging, and to identify the protective and risk 
factors of disease development and normal aging 
process. 
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1.4 Purpose of Writing This Book 
The BABRI provides us the opportunities to 
offer better help to the aging population in 
China. Nevertheless, the BABRI aims to inves- 
tigate the underlying mechanisms of the aging 
brain, but the acknowledgment of early preven- 
tion, and the intervention of aging and dementia 
still need more exploration. In order to achieve 
the goal of active aging, the proper usage of sci- 
entific methods to investigate the patterns and 
mechanisms is crucial for brain health. 

Numerous studies have highlighted the explo- 
ration of the factors in active aging. Gholipour 
et al. [14] investigated the active aging model in 
Iran and have shown that policymaking, organiza- 
tional structure, members component, control, 
financing, governance grants, services, and 
selected area to focus were the eight factors affect- 
ing management of active aging. Moreover, 
Steinmayr et al. [15] demonstrated active aging in 
the aspects of social networks, physical health, 
participation in society, lifelong learning, money, 
housing, and employment. Meanwhile, the explo- 
ration of successful brain aging is of utmost 
importance. Mora et al. [16] studied the mecha- 
nisms of brain aging from the aspect of brain plas- 
ticity, environmental enrichment, and lifestyle. 
Furthermore, Seinfeld and Sanchez-Vives [15] 
provided evidence on the effectiveness of neuro- 
scientific information-based strategies to promote 
behavioral changes and lead to healthy aging. 

Even though some accomplishments have 
been achieved in active aging and the underlying 
brain mechanism, more efforts are still needed to 
further improve the efficiency and to accelerate 
the progress of the research. A book that includes 
the fundamental knowledge and the recent find- 
ings in cognitive aging from the neurological per- 
spective can attract the attention of the readers 
and provide an overview of brain health. 


Introductions 
of the Chapters 


1.5 


The following information will be delivered and 
discussed in this book: (1) the definition of cogni- 
tive decline and how it is associated with aging; (2) 


X. Li etal. 


cognitive aging models; (3) emotional and affec- 
tive disorders in cognitive aging; (4) socioeco- 
nomic status and cognition; (5) the brain and 
biological mechanisms of aging patterns; (6) the 
early and late stage of abnormal aging; (7) the 
effectiveness and its imaging evidence on cogni- 
tive training; (8) the lifestyle intervention as the 
influential risk factors in cognitive aging. 

In Chap. 2, the concept of cognitive aging, 
previous and present studies in this area, will be 
introduced. In Chap. 3, the decline in the differ- 
ent cognitive areas during the aging process, such 
as sensory perception, memory, language and 
reasoning, and space navigation, will be dis- 
cussed. Behavioral models, educational, biologi- 
cal, and sociological theories in the field of 
cognitive aging will be presented in Chap. 4. In 
Chap. 5, affective and emotional disorders among 
elders, their impacts on cognitive aging, and the 
possible mechanisms underlying these findings 
will be introduced. In Chap. 6, a brief introduc- 
tion on socioeconomic status and the measure- 
ment methods, and the relationship between 
socioeconomic status and cognitive aging will be 
discussed. In Chap. 7, an overview of the brain 
aging patterns which include the brain structure, 
function, and energy metabolism will be deliv- 
ered. In Chap. 8, the neuroimaging evidence in 
brain aging will be introduced. In Chaps. 9 and 
10, information regarding the neurobiological 
mechanisms of cognitive decline caused by brain 
aging, including the biomolecular markers of 
brain aging will be delivered. In Chap. 11, the 
syndrome, risk, and protective factors of cogni- 
tive impairment will be presented. In Chap. 12, 
dementia will be discussed as the late stage of 
abnormal aging from a neurological perspective. 
In Chap. 13, an overview of cognitive training 
will be delivered, and the imaging evidence of the 
effectiveness will be demonstrated. In Chap. 14, 
the impact of lifestyle on cognitive aging will be 
discussed. 


1.6 Summary 

In this chapter, the definition of brain health, the 
aging situation in China, an overview of the 
BABRI, the purpose of writing this book, and the 
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introductions of the chapters are delivered, 
respectively. In the section of the definition of 
brain health, the importance of brain health is 
discussed from the aspect of active aging, as well 
as the meaning to the elderly individuals. The 
aging statistics and challenges brought by aging 
population are briefly introduced in the section of 
the aging situation in China. In the part of the 
BABRI overview, this project is introduced as a 
response strategy to the challenges of the Chinese 
aging society. In the last two sections, the pur- 
pose of writing this book and the introductions of 
the chapters are presented. The meanings of sci- 
entific research and active aging, and the impor- 
tance of new concept in this field are discussed in 
the section of the purpose of writing this book. 
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The Definition of Cognitive Aging 
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Cognitive Aging: How the Brain 


Ages? 


Shaokun Zhao, Yumeng Li, Yuqing Shi, and Xin Li 


Abstract 


Cognitive aging refers to the cognitive changes 
or functional decline that comes with age. The 
relation between aging and functional declines 
involves various aspects of cognition, including 
memory, attention, processing speed, and execu- 
tive function. In this chapter, we have introduced 
several dimensions about cognitive aging trajec- 
tories. Meanwhile, we have reviewed the history 
of the study of cognitive aging and expatiated 
two trends that are particularly noteworthy in the 
effort to elucidate the process of aging. One is 
that the differences between components of 
mental abilities have become gradually speci- 
fied. The other one is a growing interest in the 
neural process, which relates changes in the 
brain structure to age-related changes in cogni- 
tion. Lastly, as the basis of cognitive function, 
brain structures and functions change during 
aging, and these changes are reflected in a cor- 
responding decline in cognitive function. We 
have discussed the patterns of reorganization of 
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various structural and functional aging processes 
of the brain and their relationship with cognitive 
function. 


Keywords 


Cognitive aging - Cognitive domains - Brain 
aging 


2.1 The Concept of Cognitive 


Aging 


Across the human life span development, old age 
usually accompanies cognitive changes, gener- 
ally referring to functional decline, which appar- 
ently affect the life independence of elderly 
individuals and restrict their fundamental abili- 
ties in their daily lives. This process is generally 
called cognitive aging. Initially, from the tradi- 
tional perspective, cognitive aging is a monoto- 
nous and absolute development process that 
ignores the factors of individual differences and 
their complex interactions with other neurobio- 
logical and psychosocial changes [1]. However, 
researchers recognize the substantial heterogene- 
ity in the specific “age” pattern [2, 3]. Therefore, 
cognitive aging is a dynamic process, with excep- 
tions to aging-related cognitive decline. 

Because neuropsychological test scores do not 
completely represent the performance of daily 
living activities in elderly individuals, aging 
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should be understood from multiple perspectives. 
The experimental data tend to indicate that 
elderly individuals experience deficits in several 
domains of cognitive ability compared to younger 
adults [4]. The relation between aging and func- 
tional declines involves various aspects of cogni- 
tion, including memory, attention, processing 
speed, encoding, cognitive control, linguis- 
tic ability, expertise, and knowledge. Several 
dimensions will be introduced in detail for fur- 
ther descriptions of the distinctions among the 
organizations of cognition in terms of their tra- 
jectories of aging and change [5]. 


2.1.1 Attention 

Attention refers to the ability to control the con- 
centration on specific stimuli via executive func- 
tion. Compared to the relatively simple attention 
task (usually known as digit span test that is mea- 
sured by repeating a string of digits in a normal or 
reverse sequence), a more significant effect of 
aging is observed on executive attention mea- 
sures, such as the Trial Making Test (A and B, 
especially B). Executive tests of planning and 
organizations require more mental flexibility, 
which is a critical component of attention that 
helps elderly individuals complete more complex 
activities [6, 7]. 


2.1.2 Memory 


As people age, their memory performance exhib- 
its an overall decline. Moreover, the effects of 
aging on several different types of memory have 
been interpreted independently of each other [8]. 
(a) Short-term memory and working memory 
(WM): Cognitive aging seems to affect 
working memory to a greater extent than 
short-term memory. The difference between 
them is that WM requires not only storage 
but also more processing components. Older 
adults experience more age-related impair- 
ments when the activities demand more pro- 
cessing procedures [9, 10]. 

Explicit memory (declarative memory) ver- 
sus implicit memory (automatic unconscious 


(b) 


(c) 


(d) 
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memory): Explicit memory refers to the col- 
lection of relevant facts and events requiring 
conscious and intentional retrieval (e.g., try- 
ing to recall what you did at a certain time). 
Whereas the implicit memory involves the 
influence on the current behavior without 
people’s awareness (e.g., responding instan- 
taneously to a familiar song). In the past 
20 years, a notable difference has been iden- 
tified between these two memory types: age- 
related implicit memory declines are much 
smaller than explicit memory declines [11, 
12]. Thus, intentional and nonintentional 
memory retrieval are essential to the age- 
related cognitive changes. Therefore, assess- 
ment and measurement methods may take 
this factor into account. 

Episodic memory versus semantic memory: 
Both episodic memory and semantic mem- 
ory are attributed to the declarative memory 
system [13]. On the one hand, episodic mem- 
ory refers to the memory of the personal 
experience of events or scenes that happened 
at a certain time and place (e.g., remember- 
ing which friend you met in the park yester- 
day). On the other hand, semantic memory 
involves the meaning of words and concepts 
that are not related to personal experience 
(e.g., naming various types of animals or 
specific words). Similar to explicit and 
implicit memory, episodic and semantic 
memory are affected by cognitive aging to 
different degrees. Episodic memory may be 
significantly impaired as people age; how- 
ever, semantic memory might hardly be 
affected by age-related cognitive decline [10, 
14, 15], which is a potential question to be 
further discussed in detail. 

Prospective memory: Prospective memory 
refers to the memory of deferred behavior 
and involves two major types: time-based 
prospective memory and event-based pro- 
spective memory. Unlike other types of 
memory, the tasks for the encoding process 
of prospective memory have not yet per- 
formed. This period (from encoding to act- 
ing) is delayed, indicating that extra cognitive 
activities are needed, such as the simulation 
of the future or some conscious rehearsal of 
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simulation-driven attention. These features 
make prospective memory different from 
other types of memory. Different theoretical 
perspectives have resulted in contradictory 
empirical findings, which made this memory 
type an attractive topic of discussion. One of 
the opinions is that the aging process should 
be accompanied by a sharp decline in pro- 
spective memory, which contrasts with the 
finding that the performance of older adults 
in prospective memory tasks is the same as 
that of younger adults. Another contradictory 
finding is that older adults performed sig- 
nificantly more poorly in other general mem- 
ory tasks, such as free recall tasks, than 
younger adults [16, 17]. The uniqueness of 
prospective memory and the debates related 
to this type of memory make the future of 
research much more complex. 


2.1.3 Executive Function 


Executive function refers to “domain-general 
control processes that monitor and regulate 
other cognitive processes to guide the attain- 
ment of future goals” [18]. From a neuropsy- 
chological perspective, the frontal-executive 
hypothesis indicates that age-related declines 
mainly occur in the prefrontal cortex (PFC), 
which has been assumed to be responsible for 
executive function failures [19, 20]. From a cog- 
nitive perspective, executive function coexists 
with a wide range of abilities, such as problem 
solving, mental flexibility, concept formation, 
and self-monitoring [21]. Researchers have 
indicated that the processing efficiency and 
speed of executive function tend to decrease 
with aging [22]. 


2.1.4 Linguistic Ability 


The acquisition of language skills accumulates 
over time. General linguistic ability remains 
stable as people age. However, some exceptions 
to the overall trend have also been observed, 
such as verbal fluency. This ability is not intact 
with aging. Verbal fluency refers to the capacity 
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to generate words that belong to a specific cat- 
egory in a specific amount of time [23, 24]. It 
involves not only semantic knowledge of lexi- 
cal items but also tracks prior responses and 
blocks intrusions from other semantic catego- 
ries. Thus, verbal fluency shows declines with 
aging [25]. 

In the history of psychological aging, the 
field of cognitive aging has been described as 
[26] concentrating on “manifest changes or 
transformations that occur in human and ani- 
mal behavior related to the length of life.” 
Aging is not just related to the group of adults 
that become older. The field emphasizes the 
study of changes and transitions throughout 
nearly all of adulthood. Additionally, aging is 
not simply equivalent to a decline of function. 
Baltes and Willis [27] regard this process as a 
balance of trajectories because life cycle 
changes include processes that can be inter- 
preted as growth and decline [27]. The devel- 
opmental process is influenced by various 
circumstances, including social, cultural, eth- 
nic, and individual factors. 


2.2 Study of Cognitive Aging: 


Past and Present 


Cognitive aging criteria vary between different 
areas, such as the pathological cognition and 
social perception. In this chapter, the term cogni- 
tion will be defined as the process of mental func- 
tion in healthy adults, and changes occurring in 
cognitive aging will be discussed. 

Accumulating evidence has proven that cogni- 
tive performance varies in individuals of different 
ages, and researchers are still endeavoring to 
define the boundaries of knowledge and to 
develop more accurate and suitable theories and 
approaches to reveal the mystery of aging. Here, 
two trends are particularly noteworthy in the 
effort to elucidate this process. One possible 
explanation is that the differences between com- 
ponents of mental abilities have become gradu- 
ally specified. The other explanation is a growing 
interest in the neural process, which relates 
changes in the brain structure to age-related 
changes in cognition. 


The study of cognitive aging is accompanied 
by the rise of cognitive psychology after the 
mid-twentieth century. When behaviorism no 
longer dominated the psychology field and 
mental activities began to be viewed as observ- 
able events, cognition entered the realm of 
research, including attention, memory, and con- 
sciousness [28]. In the mid-1960s, increasing 
interest emerged in the mechanism underlying 
specific age-related cognitive domains. 
Previously, cognitive research was mostly 
descriptive and documentative rather than 
studying the explicit differences in intellectual 
function between the young and elderly indi- 
viduals [29]. A series of research achievements 
was released in 1965. Behavior, Ageing, and the 
Nervous System, published by Welford and 
Birren [30], investigated the relationship 
between biological factors, the speed of behav- 
ior, and how behavior changes with age, which 
provided insights into cognitive aging research. 
The Nature journal received Schonfield’s ideas, 
revealing that the ability to retrieve information 
from long-term memory declines with age, 
while recognition is maintained. These early 
studies were subsequently confirmed and sup- 
ported by studies on attention resources, in 
which the reduced attentional resources of 
elderly individuals are compensated by a task 
environment with guided retrieval [31]. 


2.2.1 Support 
from the Development 


of Statistics 


Improvements in statistics have facilitated with 
cognitive aging research, especially in studies of 
differences in the cognitive performance of indi- 
viduals of different ages. As an ideal approach, 
structural models reveal and explain the hidden 
connections and mechanisms between age and 
certain cognitive functions. Salthouse [32] sum- 
marized four categories of cognitive aging in 
structural models: independence, mediation, 
shared influence, and hierarchical features. The 
independence model was first used to examine 
the effects of age on each cognitive variable. As 
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the model was postulated to manipulate each 
variable, most single-variable studies only 
investigated separate and isolated age-related 
effects on the variables, and interrelations within 
variables were ignored. Since the 1990s, pro- 
cessing speed or working memory has served as 
the hypothesized mediator and has been fre- 
quently applied in a large number of studies 
with mediation models. Several variables are 
assumed to be mediated through more age- 
related or primitive variables [33]. Later, the 
shared influence structure was suggested and 
found suitable for the research data [34]. Instead 
of considering certain variables as a mediator, a 
common cause attributed to different types of 
variables was introduced, and the effects of age 
were postulated to manipulate only the common 
set of influences. The last pattern is the hierar- 
chical structure, which is portrayed as age- 
related influences with an effect on any hierarchy 
level, but the effect decreases as the hierarchy 
level increases. The variable at the highest level 
of the hierarchy is explained by aging. 
Additionally, the loading of the variable dis- 
plays a significant positive relation with the 
absolute value of the correlation of the variable 
with age [32]. 


2.2.2 Trend of Differentiating 
Specific Domains 


The study of age-related effects on cognition is 
based on distinct cognitive fields, among which 
memory and attention are the two main ones. The 
research direction of cognitive aging has been 
revealed by the development of memory and 
attention studies in aging. 

The early findings of memory and age are 
traced back to the beginning of the twentieth cen- 
tury when behaviorism was still the main focus 
of psychology research, and verbal learning para- 
digms were the popular measurements for assess- 
ing memory. In 1929, a study compared incidental 
memory for digit-symbol pairs in adults from dif- 
ferent age groups [35]. Subsequent studies dis- 
covered that participants aged 12-17 years 
exhibited the best performance on the memory 


2 Cognitive Aging: How the Brain Ages? 


task, and adults in the 34-59 year-old age group 
exhibited better performance than those in the 
60-82 year-old age group. These findings implied 
a gradual age-related difference in memory [36]. 
The strategy used in memory tasks was also 
assessed in later research, and older participants 
were less likely to use imagination or verbal 
mnemonic creations when attempting to remem- 
ber paired associations [37]. Aging, however, 
does not lead to a global decline in memory. The 
concept of memory is not unitary and has been 
classified into specific aspects, including epi- 
sodic and semantic memory, implicit and explicit 
memory, prospective memory, and encoding and 
retrieval processes, all of which show dissocia- 
tions in normal aging. Many studies have focused 
on identifying and explaining the age-related 
changes in specific memory domains, and the 
findings indicate that some memory aspects 
change with aging, while the others are age- 
invariant. For instance, semantic memory is also 
referred to as crystallized intelligence, which is 
represented as the storage of factual knowledge 
in memory. It was initially presumed to be main- 
tained or increased with age. Lars Nyberg [38] 
found that unlike episodic memory, age differ- 
ences in semantic memory were not significant. 
Meanwhile, Park et al. [39] reported that although 
processes such as working memory, processing 
speed, and memory recall decline with age, as 
measured by vocabulary abilities, they increase 
across the life span. 

However, further research called the stable 
maintenance of semantic memory into question. 
The research suggested that higher task demand 
might draw a different conclusion. In picture 
memory tasks, age effects are evident with the 
abstract pictures and the participants are required 
to integrate target and context information [40]. 
Nevertheless, some researchers claim that impair- 
ment in semantic memory retrieval does not rep- 
resent an actual semantic deficit, but rather only 
the difficulties in specific information retrieval 
[41]. 

Instead of studying the overall attention pro- 
cess of aging, the research trend of aging-related 
changes in attention was stratified into different 
aspects, such as selective attention, inhibition, 
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divided attention, and sustained attention. The 
early literature on the nature of attention was 
based on a study by Broadbent [42], focusing on 
the selection process. In 1965, Rabbitt compared 
the ability of participants to ignore irrelevant 
information when they were required to select 
targets, and the task seemed harder for older par- 
ticipants, implying that inhibition was also an 
aspect of attention [43]. Older adults have diffi- 
culty in divided attention, especially in tasks of 
higher complexity [44]. A review of a series of 
meta-analyses reveals that older adults show 
more decreases in the performance of dual tasks, 
which they are required to attend and process 
information from multiple sources [45]. Although 
these specific attention types are often recorded 
as highly interrelated, all aspects of attention are 
predicted to decline with aging due to age-related 
frontal lobe degradation [29]. The value of these 
age-related changes in certain areas is increasing 
and helps to confront and clarify the past doubts 
and future research directions on aging. 


2.2.3 The Trend of Neuro 
Perspectives 


Another notable trend is the advancement of neu- 
roscience and imaging measurement techniques, 
including structural, resting, functional, and acti- 
vation imaging. The perspectives of cognitive 
aging and neuroscience of aging were usually 
studied independently until the end of the twenti- 
eth century. An independent subject has emerged 
and is called as cognitive neuroscience of aging 
(CNA), which combines studies using behavior 
measures (e.g., memory and attention) and age- 
related neural decline (e.g., synaptic loss and 
cerebral atrophy). CNA focuses on changes in the 
brain that are affected by age-related effects on 
cognition. Cognitive aging is depicted as a conse- 
quence of neural aging at the structural and func- 
tional levels. 

Evidence suggests that physiological changes 
occur in the brain structure and the volume of the 
brain decreases during aging; meanwhile, differ- 
ent parts and regions exhibit different rates of 
change. The results derived from a cross-sectional 
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study of subjects ranging in age from 14 to 
77 years show that the volume of grey matter 
may decrease in a linear manner, while the 
change in white matter follows a different trajec- 
tory. The age-related change in the volume of 
white matter exhibits an inverted U shape, which 
increases before the age of 38 and subsequently 
decreases in elderly individuals [46]. Compared 
with the temporal, parietal, and occipital cortices, 
the frontal cortex is the area with the highest rate 
of decrease [47]. Diffusion tensor imaging stud- 
ies have shown more obvious age-related changes 
in white matter integrity in anterior regions 
accompanied by more vulnerable myelinated 
fibers. Meanwhile, the results derived from a 
volume-based imaging study also revealed the 
greatest age-related decrease in grey matter in 
frontal regions [47]. Another important debated 
topic is the domain of neuronal loss due to cogni- 
tive aging. Some evidence suggests that unlike 
individuals with Alzheimer’s disease (AD), neu- 
ronal loss may not be entirely or primarily 
responsible for the condition of individuals with 
mild age-related cognitive decline, but not 
dementia. The findings implied that this mild 
cognitive decline may result from biochemical 
shifts in still-intact neural circuity and that these 
disruptions may involve selective vulnerability in 
the entorhinal cortex and other brain regions, 
such as the hippocampus [48]. 

Advances in functional neuroimaging provide 
technical support for studies of activated brain 
functions in different regions and functional con- 
nectivity during cognitive tasks, which are both 
attributed to changes in cognitive performance 
with aging. For instance, research comparing age- 
related effects on familiarity-related brain activity 
(the feeling that an event is familiar or not without 
the recovery of contextual details) to recollection- 
related activity (accompanied by specific contex- 
tual details) was tested in an event-related 
functional magnetic resonance imaging (fMRI) 
study with an episodic recognition task. 
Researchers found a dual dissociation within the 
medial temporal lobe that occurred with aging, 
with an increase in familiarity-related activity in 
the rhinal cortex and a decrease in recollection- 
related activity in the hippocampus. This result 
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suggests a greater dependence on familiarity as 
compensation for deficits in recollection [49]. The 
dedifferentiation theory is also called cell dedif- 
ferentiation, which is defined as the process by 
which cells shift from a partially or terminally dif- 
ferentiated stage to a less differentiated stage. 
Concerning the functional activation among brain 
regions, this theory suggests that neural special- 
ization or differentiation decreases with aging. 
This process leads to a less distinct transmission 
of information and less accurate mental represen- 
tations of information resources [50]. Some 
researchers attribute this phenomenon of dediffer- 
entiation to disruptions in the dopamine system. 
Additionally, the modulatory role of the prefron- 
tal cortex is affected in older individuals, which 
leads to decreases in the discriminant network and 
stimulus response precisions [51]. In addition, the 
disconnection hypothesis proposes that certain 
deficits in communication between regions may 
lead to age-related cognitive decline [52]. The 
extent to which brain regions of older adults are 
interrelated is still being debated [53]. 


2.3 Brain Aging and Its 
Relationship with Cognitive 


Aging 


The brain is the basis of cognitive function, and 
as people age, cognitive function declines and 
brain structures and functions change accord- 
ingly. We will discuss the patterns of reorganiza- 
tion of various brain structures and functions that 
occur during normal aging and their relationship 
with cognitive function. 


2.3.1 Aging in the Gray Matter 

With aging, the gray matter volume shows a trend 
of continuous decline [54, 55], and the thickness 
of the cerebral cortex decreases, especially in the 
brain areas related to perception function [56]. A 
previous study applied MRI techniques and mor- 
phological analysis methods based on voxels 
(voxel-based morphometry, VBM) to explore 
changes in the gray matter volume during the 
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normal aging process. A significant decrease in 
the gray matter volume of the whole brain was 
observed. Frontal and temporal lobe atrophy 
were the most significant changes, followed by 
parietal lobe atrophy. However, the volume of the 
occipital lobe remained relatively stable [57]. 

The gray matter structural integrity in the 
brain is the foundation of normal cognitive func- 
tion during the aging process. Brain aging is 
closely associated with cognitive decline, and 
previous studies have found that declines in 
working memory [58], attention [59], cognitive 
control [23, 60, 61], and processing speed [62] 
are all associated with a decrease in gray matter 
volume. The aforementioned evidence suggests 
that the structural reorganization of gray matter 
as a result of aging alters the performance of 
domain-general and domain-specific cognitive 
processes in the brain. Specifically, atrophy of the 
gray matter volume in the prefrontal lobe is asso- 
ciated with a decline in executive function [63, 
64]. Atrophy of the middle frontal gyrus is mainly 
related to cognitive control and plays a crucial 
role in reorienting attention-based task require- 
ments [65, 66]. Atrophy of the bilateral inferior 
frontal gyrus and superior temporal gyrus is 
mainly related to a decline in motor planning and 
pronunciation. Speech representation is related to 
executive processes [67]. Atrophy of the bilateral 
insula is mainly related to deficits of word recall 
and word generation. The structure of the hippo- 
campus is closely related to memory, and its atro- 
phy has been used to distinguish abnormal aging 
from normal aging [68]. 


2.3.2 Aging in White Matter 


Similar to gray matter, the integrity of the struc- 
ture of white matter changes with aging, which 
gradually increases until the age of 40 years, 
peaks at approximately 50 years, and gradually 
decreases after 60 years [69]. In normal aging, 
the white matter integrity decreases with aging, 
especially in the frontal lobe and parietal lobe 
[70, 71]. The subcortical white matter volume, 
which includes the amygdala, striatum, cerebel- 
lum and midline, cingulate cortex, and precu- 
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neus, also decreases with aging [72]. A large 
number of cross-sectional studies have identified 
significant age-related decreases in the composi- 
tion and integrity of white matter fiber tracts, as 
manifested by a decrease in the fractional anisot- 
ropy (FA) and an increase in mean diffusivity 
(MD) of most fiber tracts [73]. The effect of 
aging on white matter integrity is region-specific, 
with more FA loss in the frontal lobe area, includ- 
ing the genu of corpus callosum and the posterior 
part of pericallosal white matter [74]. A previous 
study revealed a decreasing trend in the white 
matter connecting the frontal cortex [75], and FA 
showed a greater age-related decrease in the pos- 
terior region of the brain than in the anterior part 
of the brain [76]. The findings indicated a dispro- 
portionate change in anterior and posterior white 
matter. Other studies show that the effects of 
aging on the integrity of white matter are present 
not only in a transverse gradient but also in longi- 
tudinal gradients. Specifically, the upper white 
matter is more susceptible to aging than the lower 
white matter [77]. 

Structural integrity of white matter is the basis 
for normal cognitive function, and the cognitive 
decline related with normal aging is also associ- 
ated with damaged structural integrity of white 
matter [78]. Previous studies have found that 
decreased white matter integrity in the prefrontal 
lobe leads to worse perceptual speed, quantitative 
reasoning [79], word fluency, visual motor func- 
tion, and classification functioning [80]. A meta- 
analytical study of the relationship between white 
matter integrity damage and cognition [81] 
revealed that the damage of white matter around 
the ventricle [82-84] and subcortical white mat- 
ter [85, 86] is associated with memory. Also, 
studies have found that the damage of white mat- 
ter around the ventricle [83, 84, 87], and subcorti- 
cal white matter [86] is related to executive 
function and processing speed. 


2.3.3 Aging and Brain Functions 
Task-related fMRI studies reveal unique patterns 


of changes in brain activity during normal aging. 
Compared with younger people, the brain activ- 
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ity of older people has areas of increased and 
decreased activation. Two main hypotheses have 
been proposed to explain the changes in activa- 
tion of brain function in older people: dedifferen- 
tiation theory [88] and compensation theory. 
Dedifferentiation theory suggests that the loss of 
functional specificity in a brain region during 
task performance in elderly individuals is due to 
deficits in the dopamine regulatory system in the 
nervous system, which increases neural noise and 
further leads to the loss of cortical characteriza- 
tion specificity [89]. Compensation theory sug- 
gests that older people have higher activation 
than younger people to compensate for the loss of 
function in some brain regions. Furthermore, the 
theory is divided into three categories: (1) the 
pattern of hemispheric asymmetry is decreased, 
and the reduction is mainly observed in the fron- 
tal lobe [90, 91]; (2) the anterior brain compen- 
sates for posterior brain activity [92], where the 
activation of the posterior part of the brain 
decreases and the activation of the medial frontal 
cortex increases during the tasks of visual per- 
ception and episodic memory extraction; and (3) 
compensatory neural circuits [93], which include 
key neural circuits such as the prefrontal, pari- 
etal, precuneus, and posterior cingulate cortices, 
show increased activity. 

A literature review summarized the varia- 
tions in brain functions associated with cogni- 
tive reserve during aging [94]. High activation 
of the bilateral prefrontal lobes in semantic 
memory tasks was associated with better per- 
formance in older adults [95], and compared to 
the younger group, the level of frontal lobe acti- 
vation was negatively correlated with the per- 
formance on the working memory task in the 
older group [96]. In the inspection time task, 
high activation of the right anterior cingulate 
gyrus is usually associated with better task per- 
formance [97]. The left inferior temporal lobe 
and the medial temporal lobe regions (the infe- 
rior temporal gyrus [ITG], the parahippocam- 
pal gyrus, and the fusiform gyrus) are negatively 
correlated with performance on the semantic 
memory task [95]. In the visual coding task, the 
activation of the right medial temporal gyrus, 
the right claustrum, the left thalamus, and the 
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cerebellum are negatively correlated with per- 
formance [98]. In addition, a resting-state fMRI 
study has shown that a high cognitive reserve is 
associated with the activation intensity and 
betweenness centrality of the ITG in normal 
aging, as well as the local efficiency and clus- 
tering coefficient of bilateral precuneus and 
occipital lobe regions [99]. 


2.3.4 Aging and the Brain Network 


During the normal aging process, changes in the 
overall brain functional connectivity mainly 
include the disconnection of large-scale networks 
and the reorganization of the whole-brain con- 
nectivity pattern. The functional connectivity of 
the default mode network (DMN), cerebellar net- 
work (CN), and salience network (SAN) 
decreases, while the functional connectivity 
strength of the somatosensory network (SSN) 
and subcortical network is increased [100-104]. 
Long-distance functional connectivity, local effi- 
ciency, global efficiency, SAN-visual network 
(VN) connections, and posterior connections of 
the DMN are reduced during normal aging. 
Short-distance functional connectivity, the 
DMN-CN connection, the VN-CN connection, 
the DMN-VN connection, the SAN-auditory net- 
work connection, and anterior DMN functional 
connectivity are enhanced in normal aging [100, 
102, 105]. A study on brain network aging sug- 
gests that age exerts significant effects on both 
within network and between network connec- 
tions; these networks include the SAN, dorsal 
attention network (DAN), and DMN. 

The decrease in functional connectivity within 
the network increases the trend of dedifferentia- 
tion between networks. The decline in cognitive 
function in the normal aging process is associ- 
ated with a decreased influence of the DMN on 
SAN and an increased influence of the right ante- 
rior insula on the left anterior insula. The internal 
functional connectivity of the DMN is reduced, 
while the functional connectivity of the DMN 
with other networks is increased [106]. The mod- 
ularity of the brain refers to “a global measure of 
how well a network can be decomposed into a set 
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of sparsely interconnected but densely intercon- 
nected modules” [107]. A study of age-related 
brain topological changes found that the modu- 
larity of older people decreases and local effi- 
ciency is low. These changes are due to the 
weaker connections within networks and indi- 
vidual brain regions that undergo different reor- 
ganization patterns in terms of functional 
characteristics. The global efficiency, local effi- 
ciency, and regional functional connectivity of 
the DMN are decreased, indicating that advanced 
cognitive functions decline, while the global effi- 
ciency, local efficiency, and functional connectiv- 
ity of the sensorimotor network increase during 
the normal aging process. These results indicate 
the potential for a compensation mechanism of 
the sensorimotor area and cognitive decline. At 
the same time, the crucial functions of individual 
brain regions are transferred from central to non- 
central regions [107]. 

The cognitive function decline is associated 
with the reorganization of brain networks. Stern 
et al. [108] found that the negative activation of 
the two brain networks was positively correlated 
with the performance of working memory. The 
first network was composed of the left medial 
frontal gyrus (MFG), the bilateral inferior fron- 
tal gyrus (IFG)/precentral gyrus, and right 
IFG. The second network was composed of 
bilateral MFG/superior frontal gyrus (SFG). 
The negative activation in these two networks 
was stronger in young people than in old people. 
Studies have also found that working memory 
performance is positively correlated with nega- 
tive activation of temporal lobe and limbic sys- 
tem networks (left hippocampus, left insula, 
right medial temporal gyrus/superior temporal 
gyrus, right cingulate, and cerebellum). A study 
of changes in resting state network of brain 
aging reveals that the elderly with a well- 
connected default network leads to better cogni- 
tive performance [109]. The findings of a 
Positron Emission Computed Tomography 
(PET) study also support this result, which indi- 
cated that not only the metabolic level of DMN 
inversely proportional to cognitive performance, 
so is the DAN [110]. 


2.4 The Significant Researches 


Related to Brain Aging 


With the acceleration of the aging process, the 
proportion of the elderly population throughout 
human society is increasing significantly. With 
aging, elderly individuals always experience 
senile diseases. Various types of dementia, espe- 
cially AD, are the main factors affecting the qual- 
ity of life of elderly individuals. 

According to the 2020 report from the 
Alzheimer’s Association [111], more than five 
million people suffer from AD in the United 
States. In 2020, approximately 5.8 million 
Americans aged 65 years and older will develop 
to AD. By 2050, the number is expected to 
increase to approximately 14 million. The num- 
ber of people with dementia will increase, but 
doctors announced that the health care industry is 
not yet ready to meet this demand. AD and other 
types of dementia will cost the United States 
$305 billion by 2020, and those costs could reach 
up to $1.1 trillion by 2050. AD is the sixth lead- 
ing cause of death in the United States, with one- 
third of elderly individuals dying from AD or 
other dementia. These numbers caution us to sup- 
port healthy aging, and serious attention should 
be given to the cognitive function and brain 
health of elderly individuals. 

An increasing number of large longitudinal 
studies are currently in progress in several coun- 
tries, such as the Australian Longitudinal Study of 
Ageing (ALSA) and the Beijing Aging Brain 
Rejuvenation Initiative (BABRI). The longitudi- 
nal design overcomes the limitations of cross- 
sectional studies, as the latter may confront the 
possible individual differences within people. 
Additionally, it can only serve as an indirect test 
of interrelationships among cognitive function 
and aging [112]. Studies concerning the aging 
brain would be another promising research field 
in the future. Imaging techniques with higher spa- 
tial and temporal resolution will provide a better 
understanding of the aging brain and nervous sys- 
tem. The function and microstructure of the brain 
(such as neurotransmitters and biomarkers) can be 
revealed by examining cognitive variables inter- 
related with aging and are useful to identify risk 
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factors for cognitive decline and early-stage 
dementia. Meanwhile, implementing the research 
findings of interventional approaches into real life 
might help elderly individuals age successfully. 
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Abstract 


Cognitive decline is one of the most distinct 
signs of aging, and age-related cognitive 
decline is a heterogeneous issue varying in 
different cognitive domains and has signifi- 
cant differences among older adults. 
Identifying characteristics of cognitive aging 
is the basis of cognitive disease for early- 
detection and healthy aging promotion. In the 
current chapter, age-related decline of main 
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cognitive domains, including sensory percep- 
tion, memory, attention, executive function, 
language, reasoning, and space navigation 
ability are introduced respectively. From these 
aspects of cognition, we focus on the age- 
related effects, age-related cognitive diseases, 
and possible mechanisms of cognitive aging. 


Keywords 
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3.1 Introduction 

Faced with the “silver wave” worldwide, a cru- 
cial challenge is to ensure a concurrent improve- 
ment in the mental health practices that may 
enable the maintenance of cognitive and intellec- 
tual integrity in old age [1]. An understanding of 
the nature of human cognition and the regularity 
of age-related cognitive development and decline 
roughly corresponds to the history of scientific 
psychology. From the life-course perspective, 
aging is a continuum with a changing trajectory 
that starts from a high and stable capacity in mid- 
dle life and then decreases with individual vari- 
ability to substantial loss toward the end of life 
[2]. Studies that focus on the underlying mecha- 
nism of age-related cognitive decline are of great 
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value for disease prevention, improving the qual- 
ity of life of the elderly and achieving healthy 
aging. Cognitive decline commonly occurs with 
aging, as revealed by life-span developmental 
studies of significant cognitive changes. For 
instance, fluid intelligence and crystallized intel- 
ligence were conceptualized to explain human 
cognition. Within these concepts, fluid intelli- 
gence is an innate, neurologically based and age- 
related capacity, whereas crystallized intelligence 
is acquired, automated, and stable over time [3]. 
Numerous studies focused on various cognitive 
domains covering both aforementioned concepts 
of intelligence, which include memory, language, 
attention, executive function, and other functions 
[4]. The verified decline trajectories and the 
underlying mechanism explain human aging, 
which is the process of losing and maintaining 
cognitive function. 


3.2 Age-Related Decline 


of Sensory Perception 


Sensory perception is the reflection in the human 
brain of objective things that directly affect the 
sense organs. It is the beginning of cognitive 
activities and the basis of all complex human psy- 
chological activities, which generally include 
vision, hearing, balance, olfaction, and time and 
space perception [5]. Our common sense of 
understanding of the world depends on the com- 
bined processing of multiple sensory input infor- 
mation, which is the result of the synergistic 
effect of multiple sensors [6]. 

As people age, their sensory perception ability 
will gradually decline. After the age of 50 or 60, 
a decrease in the individuals’ sensitivity to stim- 
uli and an increase in the sensory threshold gen- 
erally occur [5,7]. Age-related sensory perception 
loss is significantly associated with cognitive 
decline or impairment and exerts a considerable 
effect on public health and quality of life, impos- 
ing a heavy burden on families and society [8]. 
Therefore, the elderly must understand the influ- 
encing factors contributing to various degenera- 
tive changes in sensory perception and adapt to 
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the changes in sensory perception during the 
aging process. 


3.2.1 Age-Related Vision 


Impairment 


Vision is one of the most crucial human senses. 
With aging, a decrease in normal eye tissue func- 
tion occurs, and the incidence of eye pathology 
increases. At present, the five major causes of 
vision impairment in elderly individuals are pres- 
byopia, age-related macular degeneration, cata- 
racts, glaucoma, and diabetic retinopathy [9]. 

A visual impairment in elderly individuals can 
seriously affect their daily activities. It can lead 
to reduced contrast sensitivity, inaccuracy in 
visual-motor coordination, gait instability, and 
color discrimination [8], which is related to an 
increased incidence of mental disorders, such as 
depression and anxiety. Meanwhile, visual 
impairment is also significantly associated with 
cognitive decline in multiple domains, such as 
episodic memory, language, attention, spatial 
processing, and executive function, and with an 
increased risk of dementia [9, 10]. 

A variety of neuroimaging studies support the 
conclusion that visual impairment is an important 
component of the functional impairment in indi- 
viduals with Alzheimer’s disease (AD) [8]. Older 
people with visual impairment show faster atro- 
phy of the occipital cortex, superior temporal 
cortex, and posterior cingulate cortex (PCC). 
Atrophy in these areas accelerates with cognitive 
aging. In diffusion tensor imaging (DTI) data, 
increased diffusion in the lateral occipitotempo- 
ral cortex and PCC [11] reduces the speed of 
information processing and transmission. 
Decreased functional connectivity of the lateral 
occipital cortex was also observed in functional 
magnetic resonance imaging (fMRI) research. 
Studies have shown that hypoactivation in the 
posterior visual association areas measured using 
fMRI is strongly associated with impairments in 
patients with AD. Regional cerebral blood flow 
measurements obtained using positron emission 
tomography (PET) showed that dorsal stream 
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visual motion areas were more vulnerable than 
ventral object-oriented areas [8, 12]. 

Visual impairment among the elderly is a 
common and major health problem worldwide. 
Active screening for vision loss, earlier detection 
of visual impairment, and the treatment of related 
problems in elderly individuals are very 
important. 


3.2.2 Age-Related Hearing Loss 
and Balance Impairment 


Hearing is the other most crucial sense in addi- 
tion to vision. Age-related hearing loss (ARHL) 
is a progressive bilateral symmetrical sensorineu- 
ral hearing loss [7]. The causes of ARHL devel- 
opment include the damage caused by physical 
and environmental factors, increased vulnerabil- 
ity to alterable lifestyle behaviors, and genetic 
predisposition. All these factors persist through- 
out life. The possible conceptual model for the 
association between hearing impairment and 
cognitive and physical impairments in the elderly 
is shown in Fig. 3.1 [14]. The prevalence of 
ARHL is high in the elderly, with approximately 
one-third of adults over the age of 65 showing 
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varying degrees of hearing impairment, com- 
pared with 83% of those over the age of 70 [15]. 

ARHL is associated with faster atrophy in the 
gray matter volume of the primary auditory cor- 
tex and the right temporal lobe [16], which might 
mediate the relationship between ARHL and cog- 
nitive decline. Additionally, studies of white mat- 
ter structure showed that the decreased fractional 
anisotropy (FA) values of the inferior fronto- 
occipital fasciculus (IFOF), inferior longitudinal 
fasciculus (ILF), superior longitudinal fasciculus 
(SLF), and FA value of the IFOF showed a sig- 
nificant negative correlation with the average 
hearing threshold. Meanwhile, fMRI studies 
showed increased functional connectivity 
between the dorsolateral prefrontal cortex 
(dIPFC), temporoparietal cortex, and vision areas 
in patients with a hearing impairment. This result 
indicates a compensatory mechanism between 
cognitive abilities. The cognitive load caused by 
hearing loss might lead to a reduced availability 
of resources for the other cognitive tasks, the 
depletion of cognitive reserve, and an earlier pre- 
sentation of dementia symptoms [8, 17]. 

ARHL is related to many health and social 
issues, including affective disorders, balance 
impairments, altered  self-motion abilities, 
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Fig. 3.1 The conceptual model of possible associations between hearing impairment, impaired cognitive and physical 
function in older adults, adapted from [13]. Reprinted with permission from prof. Frank Lin 
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decreased socioeconomic status, and decreased 
subjective well-being. A 30-40% rate of acceler- 
ated cognitive decline and increased earlier mor- 
tality was discovered in individuals with ARHL 
[7, 16]. 


3.2.3 Age-Related Olfaction Loss 
and Anosmia/Taste 


Olfaction is the detection of odorous gaseous 
substances. Multiple factors cause age-related 
olfactory loss (AROL), including nasal conges- 
tion, olfactory epithelial damage caused by envi- 
ronmental disruption, decreased levels of 
mucosal metabolic enzymes, loss of odor percep- 
tion by olfactory receptor cells, and changes in 
neurotransmitters and neuroregulatory systems. 
AROL is a common sensory impairment, and the 
prevalence of olfactory dysfunction in the gen- 
eral population is approximately 3.8% to 5.8%. 
Among people over the age of 65, this proportion 
increases to 13.9% [18]. 

People with an olfactory impairment exhibit 
a faster decline in almost all cognitive domains, 
including visuospatial ability, perceptual speed, 
semantic memory, and especially the episodic 
memory domain. Olfactory performance is 
associated with changes in gray matter volume. 
For instance, an olfactory impairment is associ- 
ated with lower volumes of the fusiform and 
middle temporal cortices, which include the 
entorhinal cortex and hippocampus with struc- 
tural MRI studies [19]. The medial temporal 
lobe includes structures such as the hippocam- 
pus that are vital to memory processing. This 
structure might be an important link between 
age-related olfactory impairment and acceler- 
ated cognitive decline. In addition, when 
patients with an olfactory impairment process 
olfactory information, less brain activity is 
detected in olfactory structures, including the 
superior and inferior frontal and perisylvian 
regions, left orbital pole, piriform, amygdala, 
and periamygdaloid cortex. However, the acti- 
vation of the frontoparietal areas was increased, 
suggesting that individuals with an olfactory 
impairment might activate more executive con- 
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trol of cognitive resources to compensate for the 
decline or loss of olfactory functioning [20]. 
PET imaging of the brain shows decreased glu- 
cose metabolism in the hippocampus, entorhinal 
cortex, and thalamus. Additionally, a significant 
correlation between olfactory dysfunction and 
dopaminergic denervation of the nigrostriatal 
system in the elderly was observed [21]. 

The research evidence indicates that olfactory 
and taste dysfunction might be an effective 
potential biomarker for mild cognitive impair- 
ment (MCI), AD, Lewy body dementia, and 
Parkinson’s disease (PD). Meanwhile, it also 
exerts a substantial negative effect on physical 
health, nutritional status, quality of life, and 
daily safety, imposing a large economic burden 
on families, society, and the country [18]. 


3.2.4 Age-Related Loss of Time 
and Space Perception 


Time perception is a human perception experi- 
ence of the continuity and sequence of objective 
things [22]. A precise time perception ability is 
extremely important for the normal life of people 
and is the essence of many aspects of our lives, 
including duration judgment, sound localization 
and speech recognition, motion perception and 
motor coordination [23]. Generally, with increas- 
ing age, the elderly start underestimating the 
duration in the replication time task, which can 
be explained by an alteration in the working 
memory ability of the elderly. In the task of gen- 
erating time, the elderly will overestimate the 
duration, which can be explained by the slower 
internal clock of the elderly that is related to a 
slower processing speed [24]. 

A time perception impairment was observed 
among the individuals with neurodegenerative 
diseases. For example, in patients with AD, time 
distortions may lead to impaired episodic mem- 
ory, and conversely, impaired episodic memory 
in patients with AD may also result in a loss of 
the ability to retrieve temporal information. The 
relationship between time perception decline and 
memory impairment in individuals with AD may 
be explained by the involvement of the hippo- 
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campus since this brain region supports time per- 
ception and memory. Additionally, it is an early 
target for the neuropathological processes of AD 
[25]. 

Space perception is the ability to recognize the 
spatial relationship of objects in the objective 
world, which includes shape perception, size per- 
ception, depth and distance perception, and ori- 
entation perception [5, 26]. Age-related space 
perception loss is also common in the elderly and 
can lead to spatial cognitive impairment, includ- 
ing deficits in spatial memory, spatial orientation 
and visualization, navigation, and place learning. 
This type of perception loss also severely affects 
the normal life of older people [27]. This result 
supports the research on spatial memory tasks 
based on fMRI. Age affects neural activity, and 
an interaction between age and parietal lobe acti- 
vation has also been observed [28]. During the 
memory encoding process, increased activities 
are observed in the right hemisphere of young 
people, while the activities in the left hemisphere 
of 64-79-year-old people decrease. Therefore, 
aging individuals may shift from the coordinate 
processing of spatial information into classifica- 
tion processing, which supports the hypothesis 
that the coordinate representation of spatial infor- 
mation may be damaged during normal aging 
[29]. Aging disrupts the coordinated processing 
of spatial relationships, and the age-related loss 
of right parietal lobe activity might represent an 
accelerated loss of right hemisphere function. 
The findings may be consistent with the hypoth- 
esis of right hemisphere aging. The hypothesis 
assumed that some structures in the right hemi- 
sphere might undergo a faster aging process than 
the corresponding structures in the left hemi- 
sphere [30]. 


3.2.5 Summary 


Aging exerts a global effect on sensory and per- 
ception functions in elderly individuals. The 
aging process is manifested in many systems, 
including deficits in vision, hearing, olfaction, 
and time and space perception [31]. Age-related 
decreases in sensory function and perception are 
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significantly associated with faster brain atrophy 
in the relevant areas and accelerating deficits in 
cognitive ability. These changes increase the risk 
of age-related cognitive impairment [32] and 
significantly affect the quality of life of patients. 
Therefore, prompt and effective treatment of sen- 
sory and perception deficits might have a pro- 
found effect on the patient’s quality of life and 
may even indirectly increase the patient’s life 
expectancy [31]. 


3.3 


Age-Related Memory 
Decline 


Aging is an inevitable stage in life. In the pro- 
cess of aging, from perception, attention, and 
processing speed to executive function, mem- 
ory, language, and other cognitive functions 
would suffer various degrees of decline based 
on behavioral measures [33]. Undoubtedly, 
memory performance is one of the most severely 
impaired areas, both during normal aging and 
during the development of neurodegenerative 
diseases [34]. 

Numerous studies have shown that different 
memory systems and processes are affected 
inconsistently with age. Generally, declarative 
long-term memory and working memory are 
more substantially impaired than implicit, nonde- 
clarative long-term memory [35, 36]. 
Furthermore, in declarative long-term memory, 
episodic memory is more affected than semantic 
memory in older adults; in particular, more severe 
deficits are observed in episodic recall tasks than 
in recognition tasks [37, 38]. However, due to 
interindividual variability, some older adults 
were still able to maintain high levels of cogni- 
tive performance, although many older adults 
showed evidence of a decline with aging [39]. 
Potential explanations for this finding are ages at 
which the declines occur differ, and the degrees 
of decline vary accordingly. Altogether, a con- 
sensus on the best methods for characterizing 
age-related changes in memory has not been 
achieved. The purpose of this chapter is to sum- 
marize the development of different memory 
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Fig. 3.2 The classification of memory. Information flows 
from the sensory modalities to the short-term memory for 
processing and maintenance via rehearsal and then trans- 


subtypes with age and their underlying neural 
mechanisms. 

Here, we introduce one of the classifications 
of memories based on the degree of their persis- 
tence (see Fig. 3.2). This model includes sensory 
memory, short-term memory (including working 
memory), and long-term memory [40, 41]. 


3.3.1 Sensory Memory 

Sensory memory should be studies as an early 
response, which might be involved in ensuing 
higher-order perceptual operations [42]. Although 
sensory memories are proposed to exist for all 
senses, most studies have focused on vision and 
audition, which are known as iconic memory 
(visual sensory memory, VSM) and echoic mem- 
ory (auditory sensory memory), respectively 
[43]. 


3.3.1.1 Iconic Memory 

Regarding iconic memory, two different experi- 
mental procedures are commonly used to study 
the storage capacity and duration of visual sen- 
sory memory, which is the delayed partial sam- 
pling procedure (partial report techniques) and 
the direct measurement procedure. The storage 
capacity of visual sensory memory decreases 
with age, while the rate of decline remained 
unchanged. A decrease in the holding capacity of 
the nervous system was observed with increasing 
age [44]. However, inconsistent conclusions have 
been obtained for the visual persistence of visual 
sensory memory. On the one hand, the iconic 
memory of young adults persists longer time than 
that of older adults [45]. On the other hand, 
researchers found that older adults showed sig- 
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nificantly higher levels of persistence than 
younger adults [46]. 

fMRI and PET might not be the appropriate 
tools to study VSM because of its highly transient 
nature [47]. Researchers have suggested that 
VSM always involves the continuous firing of 
relevant neurons. It may involve reverberatory 
circuits of neurons of some type [48]. 
Additionally, the activation trace in the primary 
visual cortex (area V1) might be the cortical 
source of VSM. As visible persistence might be 
due to the persistence of reverberating activation 
beyond stimulus offset [49], the persistence of 
the synchronized activity of neurons in the pri- 
mary visual cortex might be a candidate for the 
neural mechanism of VSM [47]. 


3.3.1.2 Echoic Memory 

In the exploration of echoic memory, a recent 
study obtained clear evidence for the faster 
decay of auditory sensory memory traces in 
aging brains [42], consistent with the dimin- 
ished MMN (mismatch negativity) of subse- 
quent increases in the interstimulus interval 
(ISI) in previous studies [50-52]. Namely, 
human auditory cortices exhibit an age- 
dependent decrease in auditory sensory mem- 
ory, which might be associated with age-related 
deficits in the encoding of sound properties 
[52]. A previous study investigated the neural 
circuits of sensory memory in patients with uni- 
lateral brain damage to dorsolateral prefrontal 
cortex, posterior association cortex, or the hip- 
pocampus; the result showed that in compari- 
son with control subjects, temporal-parietal and 
dorsolateral prefrontal patients had impaired 
auditory discrimination and reduced MMNs, 
implying that a temporal-prefrontal neocortical 
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network critical for the transient storage of 
auditory stimuli. They further pointed out that 
auditory traces may be located in the posterior 
association cortex and actively maintained 
through the effect of the dorsolateral prefrontal 
cortex [53]. 

In addition, the accuracy of auditory memory 
was reported to be higher than that of visual 
memory [54] and that the accuracy of these two 
types of memory was lower in older adults than 
in young adults [55]. Regarding neural mecha- 
nisms, visual sensory memory activated the 
visual center of posterior visual areas, namely, 
the occipital lobe (BA17/18/19) and bilateral 
superior parietal gyrus (BA 7); auditory sensory 
memory activated the auditory center of the supe- 
rior temporal gyrus (BA 22). However, their acti- 
vated areas are the bilateral left middle frontal 
gyrus (BA 9) and BA 7, with lower activation of 
BA 7 in auditory sensory memory than in visual 
sensory memory [56]. 


3.3.2 Short-Term Memory 
and Working Memory 


An important distinction between short-term 
memory and working memory is that working 
memory emphasizes the active manipulation and 
use of information, whereas short-term memory 
is merely focused on its maintenance or storage 
[40]. 


3.3.2.1 Short-Term Memory 

Researchers used “free recall of words without 
any distracting tasks” to illustrate the effects of 
age on short-term memory. The results revealed a 
relatively stable performance level across the age 
cohorts without any age deficit [57], which were 
consistent with other studies using various short- 
term memory tasks [58—62]. The findings sug- 
gested that the ability to store and retrieve 
information in the brain over a brief period might 
be relatively preserved in old age [62, 63]. 


3.3.2.2 Working Memory 
Performance on working memory (WM) tasks 
continuously decreases with age, including pro- 
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cessing speed, accuracy, storage capacity, etc. 
[61, 64, 65]. Resting neuroimaging studies 
showed strong negative correlations. For instance, 
one study indicated that greater white matter 
degeneration was associated with lower func- 
tional activity during WM tasks. Additionally, 
dIPFC and white matter hyperintensity (WMH) 
volumes were associated with decreased activity 
in the posterior parietal and anterior cingulate 
cortices during WM task performance. Based on 
these results, the disruption of white matter, espe- 
cially within the dIPFC, is considered as the 
mechanism of age-related changes in WM func- 
tion [35, 66]. 

Furthermore, there are task-related activation 
differences on the neural activation WM tasks 
between older and younger people in the frontal 
cortex [65, 67, 68]. For example, researchers 
used PET as a research tool to report the result of 
PFC activity in the verbal task and the spatial 
task. The result showed that for the elders, a 
reduced left PFC activity and an increased right 
dIPFC activity were shown in the verbal task. In 
the spatial task, the older age group showed 
greater left activation for spatial task and greater 
right activation with only a weak tendency toward 
left activation for verbal task, while the youngers 
showed greater right activation for spatial task 
and greater left activation for verbal task [65]. 
The dIPFC activity pattern in older adults activity 
might indicate a compensatory mechanism, 
which reflects a response to increased task 
demands [69], or retrieval effort [64], or dysfunc- 
tion [70]. 

In addition, older adults exhibit diminished 
left hippocampal activation compared with 
younger adults [64]. A previous study reported 
an equivalent performance of older adults and 
young adults on a single item of WM task, 
whereas in the combination (location plus 
object) task, a marked decrease was observed. 
This decrease in performance was accompanied 
by decreased activity in the left anterior hippo- 
campus and anteromedial PFC (right BA 10) 
compared with younger adults [71], suggesting 
that a disruption in hippocampal-PFC circuitry 
may underlie age-related deficits in the combina- 
tion condition. Moreover, several fMRI studies 
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have also shown that working memory mainte- 
nance facilitates the encoding of these items into 
long-term memory by activating rehearsal pro- 
cesses in the hippocampus [72] or the parahip- 
pocampal cortex [73]. 


3.3.3 Long-Term Memory 


Long-term memory is a vast resource of knowl- 
edge and a recorder of prior events. It refers to the 
ability to recall information from the past [74]. 
Since no consensus has been achieved for the tax- 
onomy of long-term memory, we will sample 
some representative categories to illustrate this 
type of memory. Additionally, a summary of the 
effect of aging and the potential neural mecha- 
nisms will be presented. 


3.3.3.1 Episodic Memory 

Episodic memory decreases in normal aging [61, 
75, 76]. A recent study including middle-aged 
and older adults reported significant decreases in 
both immediate and delayed memory with aging 
[F7]. 

Resting neuroimaging studies showed a 
reduced hippocampal volume in older adults with 
decreasing episodic memory performance, con- 
sistent with DTI measures of fractional anisot- 
ropy in the anterior corpus callosum [78]. 
Reduced episodic long-term memory perfor- 
mance was also observed in normal aging and 
was related to the reduced integrity of a distrib- 
uted network that depends on white matter path- 
ways supporting episodic memory [77]. 

Episodic memory encoding studies typically 
include the following topics: intentional encod- 
ing studies, incidental encoding studies, and sub- 
sequent memory studies. Task-related activation 
recorded in neuroimaging studies showed 
increased activation in the left prefrontal cortex 
of both younger and older groups during inciden- 
tal episodic encoding tasks with blocked designs. 
Additionally, right prefrontal activation in elderly 
subjects was associated with the most substantial 
decrease in memory performance [78—83]. 
However, recent subsequent memory studies 
using event-related fMRI showed increased age- 
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related activity in the dorsolateral and orbito- 
prefrontal cortices [80, 84, 85]. The inconsistent 
results may be due to the use of different experi- 
mental designs. Moreover, large numbers of 
fMRI studies also reported an age-related reduc- 
tion in medial temporal lobe (MTL) activity. 
Aging may be accompanied by reduced neural 
activity and diminished connectivity between 
PFC and MTL areas [86]. Meanwhile, older 
adults also exhibit decreased activities in the pos- 
terior parietal region, which may be associated 
with deficits in the encoding of visuospatial 
information and visual regions compared to 
younger adults [87, 88]. 

Research regarding aging and imaging during 
episodic memory retrieval are divided into three 
main categories: recognition, recall, and contex- 
tual memory. Additionally, older adults showed 
larger age deficits when the difficulty of cogni- 
tive tasks increased (i.e., context> 
recall>recognition tasks). Task-related activation 
recorded in neuroimaging studies suggested that 
older adults showed decreased activation in 
occipital and parietal regions coupled with 
increased activation in PFC regions during inci- 
dental episodic memory retrieval. Several studies 
documented age-related decreases in right PFC 
activity [82, 87, 89-91] and age-related increases 
in MTL activity [87, 92-94]. In addition, 
researchers also observed a dissociation between 
weaker hippocampal activity and stronger para- 
hippocampal gyrus activity in older adults [57, 
94]. 

In addition, WMH volume of the dorsal PFC 
was associated with decreased activity in medial 
temporal and anterior cingulate regions during 
episodic retrieval tasks. Thus, in many older indi- 
viduals, a disruption of white matter integrity 
might be one of the mechanisms of PFC dysfunc- 
tion, which manifests as lower functional brain 
activity and reduced episodic memory perfor- 
mance [35, 66]. 


3.3.3.2 Autobiographical Memory 

Autobiographical memory is a type of episodic 
memory that is important and unique. Compared 
with other kinds of episodic memories, autobio- 
graphical memory seems more “emotional” and 
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“personally meaningful” than other forms of epi- 
sodic memories, which is a lack of the relevance 
to human cognitive and emotional life [95]. 

Age-related changes in autobiographical 
memory at the behavioral level showed that 
memories of the past generated by older adults 
contained less episodic, perceptual, and contex- 
tual details. They also contained more generic 
content, fewer vivid recollections and correct 
details, and more false information regarding 
simulated crimes than the memories of younger 
adults [96-98]. On the positive side, both older 
and younger adults provide similar amounts of 
contextual information in autobiographical free 
recall [99]. Additionally, autobiographical recol- 
lections of older adults’ judgments are consid- 
ered more interesting and informative than those 
of younger adults [100]. 

Studies using fMRI or other research tech- 
niques to investigate the brain function of normal 
adults suggest that the left prefrontal cortex may 
be particularly important for autobiographical 
memory [79, 95]. Imaging studies conducted 
with normally functioning adults also revealed an 
important role for the hippocampus in autobio- 
graphical recall [101]. Functional neuroimaging 
studies suggested that normally aging adults 
showed increased activity in the hippocampus, 
parietal cortex, and occipital cortex during auto- 
biographical memory recollection [93, 102]. 
Decreased activity in the medial temporal lobes 
and precuneus during the construction of autobi- 
ographical events was also reported in previous 
studies [103, 104]. Furthermore, a study showed 
reduced activation of the prefrontal cortex and 
reduced coupling between the ventrolateral pre- 
frontal cortex and hippocampus during the task. 
Additionally, the elaboration phases of autobio- 
graphical memory retrieval were noticed [105, 
106]. 


3.3.3.3 Semantic Memory 

Semantic memory (SM) includes not only mem- 
ories of facts and concepts but also high-level 
knowledge structures such as schemas and scripts 
within this concept [40]. Behavioral evidence 
indicates that knowledge-based semantic mem- 
ory is relatively preserved in healthy older adults 
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[57, 75, 104, 107-109]. However, results from 
other studies consistently show an increase in 
semantic memory performance through the early 
age of 60, followed by a gradual decline [110, 
111]. Meanwhile, severe age-related deficits 
occur in certain semantic memory tests, such as 
vocabulary and general knowledge tests [57, 
110]. 

The perirhinal cortex, parahippocampal cor- 
tex, and inferior temporal gyrus are associated 
with the accuracy of recalling recent and remote 
semantic memory questions. This result supports 
the hypothesis that the medial temporal lobe 
plays an important role in semantic memory 
[112]. In addition, several imaging studies have 
observed similar brain activity during SM tasks 
in young and older adults, although older adults 
may show increased frontal activity [70, 113]. 


3.3.3.4 Implicit Memory 

The effects of aging on implicit memory were 
studied with the following tasks: (1) priming 
tasks, which include word stem completion prim- 
ing [114] and repetition priming [115]; and (2) 
learning tasks, which include sequence learning 
[116, 117] and probabilistic categorical learning 
[118]. Age differences in the priming tasks are 
small and approximately equivalent [114, 115]. 
In the learning tasks, the differences were still 
intact, but the rate of learning was slower in 
elderly adults [117, 118]. A neuroimaging study 
showed a higher level of prefrontal cortex and 
caudate activation in young adults and higher 
level of parietal cortex activation in older adults. 
Thus, older adults appear to be able to recruit 
additional resources within the parietal cortex to 
learn the probabilistic associations as well as 
young adults [118], which may explain the equiv- 
alent performance of younger and older adults on 
implicit memory tasks. 

Regarding the neural mechanism underlying 
the effect of aging on implicit memory, studies 
show that priming is mediated by frontal regions 
[119, 120], and sequence and categorical learn- 
ing are attributed to changes in a network of brain 
regions, including the dorsolateral prefrontal cor- 
tex and the striatum [116]. The findings might 
extend previous frontal-centric views of implicit 
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memory aging, including changes in the subcorti- 
cal structure. 


3.3.3.5 Procedural Memory 

Procedural memory involves memory of cogni- 
tive and motor skills, such as reading and driving 
[40]. Procedural memories are frequently 
assessed using performance-based tasks and 
change relatively little from early to late adult- 
hood [121-123]. Furthermore, adults with mild 
AD are also able to perform procedural memory 
tasks [123, 124]. 


3.3.4 Summary 


In summary, large numbers of studies have 
focused on cross-sectional comparisons; how- 
ever, a longitudinal study is more feasible to 
reveal the trajectory of memory function through- 
out the life span development. In longitudinal 
studies, we can investigate the age-related decline 
in memory processes continuously across the 
adult life span, and steeper age deficits in certain 
types of memory only occur in the later stages. 
Nevertheless, individual differences must also be 
considered as the contributing factor along with 
other factors that may help slow the rate of cogni- 
tive decline and decrease the risk of dementia 
associated with aging. 


3.4 Age-Related Decline 
of Attention and Executive 


Function 


Executive function is the most advanced cogni- 
tive activity in the human brain and is responsi- 
ble for controlling and coordinating various 
specific cognitive processes. It has always been a 
hot topic in neuropsychology, cognitive psychol- 
ogy, and cognitive neuroscience [125]. An 
increasing number of studies show that executive 
function is not a cognitive system with a single 
structure. Namely, it involves multidimensional 
structures, including inhibitory control, atten- 
tional control, working memory, and cognitive 
flexibility [126]. All those components are 
affected by aging. 
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3.4.1 Inhibitory Control 

Inhibitory control refers to the ability to suppress 
disturbing information or previously activated 
cognitive processes to focus attention on relevant 
task requirements [127, 128]. 

The inhibitory control deficits theory was pro- 
posed by Hasher and Zack [129] and was the 
most classic theory explaining the deficit in 
inhibitory control in aging adults. The theory 
proposes that the decline in this ability is the 
main cause of cognitive aging. With aging, the 
efficiency of the inhibitory process in older adults 
is reduced, which is mainly reflected in three 
aspects: (1) a decrease in suppressing irrelevant 
information into working memory, (2) deletion of 
unrelated messages to current tasks, and (3) suc- 
cessful inhibition of the dominant response. 

With the development of advanced technology, 
Westerners [130] proposed the executive decline 
hypothesis of cognitive aging, which is also known 
as the frontal lobe hypothesis and based on consid- 
erable neuropsychological research. The hypothe- 
sis states that cognitive decline in elderly 
individuals is related to a decrease in the executive 
function of the frontal lobe, in particular the pre- 
frontal lobe. Moreover, scholars found that inhibi- 
tory control deficits in the elderly are a direct 
manifestation of a loss of integrity in the frontal 
cortex [127]. The degenerating frontal lobe fails to 
inhibit irrelevant stimuli; therefore, older adults 
suffer from inhibitory control deficits [128]. 

In summary, inhibitory control, which refers 
to the ability to successfully suppress the domi- 
nant behavior and irrelevant stimuli, is an impor- 
tant mechanism of cognitive function and is 
related to the frontal lobe. Two important theories 
have been proposed. One proposes that decreases 
in inhibitory control are attributed to cognitive 
aging, and the other assumes that a loss of func- 
tion in the frontal lobe is an obvious indicator of 
an inhibitory control deficit. 


3.4.2 Attentional Control 


Attentional control is the ability to maintain goal- 
oriented behavior by sustaining information- 
processing activity over time in terms of 
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distraction, temporarily stopping the activity to 
respond to other information, and coordinating 
the course of concurrent activities [131]. 

Current models of attention indicate that atten- 
tional control is responsible for inhibitory func- 
tions. A distributed network of structures within the 
brain, including the anterior cingulate cortex, pre- 
frontal cortex, parietal cortex, extrastriate cortex, 
superior colliculus, thalamus, and basal ganglia, 
supports attentional function [132, 133]. Aging 
impairs the brain’s ability to implement attentional 
control, allowing greater activation of irrelevant 
representations and actions capable of decreasing 
the efficiency of working memory processes [133]. 
Specifically, age-related changes in the responsive- 
ness of the prefrontal and parietal cortex are related 
to attentional control. In addition, attentional con- 
trol of executive function also decreases signifi- 
cantly during the early stages of AD [134]. 

In summary, attentional control involves the 
interaction between perceiving environmental 
cues and the allocation of perceptual processing 
resources, which involves many brain areas and 
is easily affected by aging. 


3.4.3 Cognitive Flexibility 


Cognitive flexibility refers to the ability to switch 
between different tasks. It is a central function of 
executive control and is related to the functions 
of various prefrontal cortical structures [135, 
136]. Cognitive flexibility has been divided into 
proactive control and reactive control. Proactive 
control refers to the active maintenance of goal- 
relevant information and prevention of interfer- 
ence. Reactive control refers to the reactivation of 
task goals and reservations of interference as 
needed [136]. The former is reflected in sustained 
lateral prefrontal cortex activation and associated 
with decreased transient anterior cingulate cortex 
activation. Additionally, the latter is reflected in 
the transient activation of the lateral prefrontal 
cortex and the anterior cingulate cortex [137]. 
Other terms used interchangeably in describ- 
ing cognitive flexibility include mental flexibil- 
ity, mental set shifting, cognitive shifting, task 
switching/shifting, and attention switching/shift- 
ing. Despite some disagreement in the literature 
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related to the appropriate definition of the term 
operationally, one commonality is that cognitive 
flexibility is a component of executive 
functioning. 

Several studies using task-switching para- 
digms have documented the complexities of the 
network involved in human cognitive flexibility. 
Activation of the dorsolateral PFC has been 
shown during the resolution of interference of 
irrelevant task sets [138]. In addition, numerous 
studies using animal models have reported age- 
related deficits in flexible decision-making pro- 
cesses that are presumed to depend on prefrontal 
cortex function [139, 140]. 

Older adults tend to exhibit less flexible per- 
formance on these types of tasks than younger 
adults because of a decreased ability to acquire 
and update relevant information [135]. 

In conclusion, cognitive flexibility has been 
described as the mental ability to shift one’s 
thoughts between two different concepts, which 
is related to the prefrontal cortex in both humans 
and animals. 


3.4.4 Working Memory 


Memory will decline with aging, particularly 
working memory (WM), which refers to an exec- 
utive memory process that allows transitional 
information to be held and manipulated tempo- 
rarily in memory stores before being forgotten or 
encoded in long-term memory [141, 142]. 

Additionally, WM deficits are a recognized 
feature of AD [142]. Although the mechanism 
underlying the age-related WM decline remains 
unclear, the information obtained from previous 
studies has been employed to improve the theo- 
retical understanding of the processes. On the 
one hand, neural atrophy occurs in the prefrontal 
and parietal regions [111]. A subtle loss of white 
matter integrity has been proposed to lead to the 
disruption of working memory in particular 
because it relies on the dynamic and reiterative 
activity of corticocortical pathways [143]. On the 
other hand, changes in the activation of brain 
regions such as the prefrontal cortex are one pre- 
sumed contributor to WM decline in the healthy 
aging population [144]. 
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In particular, neuroimaging studies show that 
younger adults exhibit more intense bilateral 
frontal activity performing WM tasks than older 
adults [141]. In addition, the decrease in activity 
of the cortical area in the right frontal region may 
explain age-related decline in working memory 
[144]. Meanwhile, working memory deficits are 
a recognized feature of AD, which is commonly 
ascribed to a central executive impairment and 
assumed to be related to frontal lobe dysfunction 
[142]. 

In summary, working memory is an essential 
component of executive function and an impor- 
tant manifestation of early AD. Changes in neural 
atrophy and brain activation are the causes of 
age-related working memory deficits in elderly 
adults. 


3.4.5 Attention 


In addition to executive function, many studies in 
the aging literature have also explored the effects 
of attention on the performance of elderly adults 
[145, 146]. Attention is a multidimensional con- 
cept that includes three functionally different 
dimensions: sustained, selective, and divided 
attention [146, 147]. The first describes a funda- 
mental component of attention characterized by 
the subject’s readiness to detect rarely and unpre- 
dictably occurring signals over prolonged peri- 
ods of time. The second refers to the ability to 
select some stimuli and ignore other stimuli. The 
last is the ability to divide attention between two 
or more tasks. 

Previous research on attention in the visual 
modality indicates that although the ability to 
process task-relevant information remains largely 
intact, the ability to suppress task-irrelevant 
information decreases with aging [148]. 
Additionally, scholars documented a longer time 
to a slower reaction time in older adults than in 
younger adults, particularly in trials in which a 
single salient distractor was present [149]. These 
results suggested age-related behavioral deficits 
in attention. 

The prefrontal lobe (PFC) is an important neu- 
ral basis of our attention capacity. Proper PFC 
function is crucial for the inhibition of distracting 
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stimuli and irrelevant thoughts, such as proactive 
interference. Patients who present lesions in the 
PFC are easily distracted [150, 151]. PFC lesions 
lead to the inability to sustain attention over a 
long period [152]. Lesions in the dorsolateral 
PFC impair the ability to shift an attentional set 
to more prominent stimuli [153]. In addition, 
divided attention is also affected by PFC lesions, 
and these attentional deficits are associated with 
lesions in the left superior PFC [150]. 
Additionally, researchers have reported a 
decrease in the cerebral cortex thickness during 
aging, and atrophy of the PFC is more severe in 
elderly adults than in the whole brain [154, 155]. 
Therefore, the attention ability is vulnerable to 
aging. 

In general, attention is also susceptible to 
aging, and it is impaired in different dimensions. 
Most importantly, during aging, changes in both 
behavioral performance and brain areas have 
been observed. 


3.5 


Age-Related Decline 
of Language and Reasoning 
3.5.1 Language 


Language is an important method by which 
humans express themselves and communicate. 
However, with the aging of individual physiolog- 
ical structures and functions, the language cogni- 
tive ability also shows an aging trend [33]. The 
aging process typically involves cognitive decline 
associated with brain atrophy [156], loss of neu- 
ronal synaptic connections, and neuropathic 
signs associated with dementia [157]. A longitu- 
dinal population-based study by Cullum et al. 
[158] showed that aging was associated with 
declining cognitive function across different 
domains. The areas include memory decline, 
poor working memory, reduced verbal span, and 
delayed speech recall [61, 159-161]. Language 
and communication are also affected by aging. 
Compared with the young people, the elderly 
exhibit a decline of language cognition, including 
vocabulary recognition [162], speech production 
[163], semantic extraction [164], text integration 
[165], and oral communication [166]. These fac- 


3 Cognitive Decline Associated with Aging 


tors not only restrict the cognitive activities of the 
elderly but also have adverse effects on their 
interpersonal communication, quality of life, and 
mental health. 

Language learning engages an extensive net- 
work of the brain that overlaps with the decline 
caused by aging [167]. The new phonetic learn- 
ing is related to the dorsal audiomotor interface 
covering posterior temporal and dorsal frontal 
lobe regions such as the ventral premotor cortex 
and posterior inferior frontal gyrus [168]. In the 
elderly, both potential declines in language abil- 
ity and performance are associated with func- 
tional changes in the prefrontal-subcortical 
networks [169]. Wong et al. [170] showed that 
the acquisition of meaning involves the ventral 
stream, including medial, inferior, and anterior 
temporal regions, as well as regions in the infe- 
rior frontal gyrus for semantic retrieval and addi- 
tional complex processing [171]. Training in a 
foreign language starting in adulthood causes 
structural changes in the brain. After 5 months of 
foreign language learning, learning-related struc- 
tural changes in native English speakers revealed 
an association between Swiss German profi- 
ciency and grey matter density in the left inferior 
frontal gyrus and the left anterior temporal lobe 
[172]. Additionally, word learning often involves 
a rapid mapping process between sound and 
meaning, which is related to the medial temporal 
lobe [173]. In addition, the learning of grammar 
rules is related to the frontal-striatal system [174]. 

In studies involving older adults, a more 
advantageous approach may be to combine mea- 
sures of categorical fluency into a language com- 
bination because of the high prevalence of 
age-related decline in language ability [175]. 
These semantic abilities often decline with age, 
and those abilities are among the earliest cogni- 
tive abilities that decrease during AD progression 
[176]. The language abilities of 74 older adults 
were quantified by examining biographies writ- 
ten in their youth. Language ability in early adult- 
hood is negatively correlated with the incidence 
of AD in old age [177]. Antoniou et al. [178] sug- 
gest that foreign language learning may be par- 
ticularly beneficial in promoting healthy cognitive 
function and preventing decline. Since the brains 
of older people are also malleable, language 


37 


learning not only improves language-related 
functions but also improves cognitive functions 
of older people. 

Multilingualism is a better predictor of cogni- 
tive ability than age, education, or sex, and the 
effects are observed throughout the life span 
development [179, 180]. Older adults who spoke 
two or more languages also performed better at a 
variety of cognitive tasks. This cognitive advan- 
tage depends on the experience of speaking two 
languages, which requires a slightly different set 
of attention and control procedures than those 
used in monolingual individuals [181]. As a 
result, older people who receive intensive foreign 
language training will benefit from the learning. 
Language learning is an ideal training activity for 
older learners because it has meaningful and 
related benefits, which may expand post- 
retirement activities [178]. 


3.5.2 Reasoning 


Many aspects of cognition are adversely affected 
by aging, including processing speed, memory, 
and reasoning [145]. Among them, reasoning 
ability has always been considered as the core 
component of intelligence. Therefore, many 
researchers use reasoning as an index for measur- 
ing fluid intelligence [182, 183]. In recent decades, 
research on the mechanism of the development of 
reasoning ability has become a crucial topic in the 
field of cognitive development [184, 185]. 

The correlation between age and reasoning 
ability is often influenced by processing speed 
and working memory [186]. Fry and Hale con- 
firmed the development cascade relationship 
between age and reasoning ability through hori- 
zontal comparative studies of 7—19-year-old indi- 
viduals (see Fig. 3.3). According to this study, a 
series of processing stages within the effective- 
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Fig. 3.3 Theoretical developmental cascade. PS 
Perceptual speed, RA reasoning ability, WM working 
memory [187] 
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ness of the processing at the first stage exerts a 
flow effect on the next stage, and the influences 
are transmitted. The study showed that improve- 
ments in information processing speed and work- 
ing memory predicted inductive reasoning in 
children and adolescents [186]. 

The study by Kail [188] also showed that the 
cascading explanation for reasoning was valid 
longitudinally, as the results were replicated 
1 year later. People with poorer fact memory and 
a reduced working memory capacity experience 
difficulty in reasoning based on the newly pre- 
sented information [189]. 

A study of 240 children (ages 8-14) and 238 
adults (ages 18-87) found that processing speeds 
increase as children age, affecting improvements 
in working memory, which subsequently affects 
reasoning [187]. Although children’s cognitive 
development is substantially mediated by pro- 
cessing speed, the decline in reasoning ability in 
old age is affected by a slower processing speed. 
The reasoning ability of older people is also 
affected by age-related changes [189]. These 
changes affect working memory independently 
of processing speed [187]. 


3.5.3 Summary 


In summary, language and reasoning change with 
age. Other factors contribute to the complex rela- 
tionships between aging and language and 
between aging and reasoning. To some extent, 
maintaining good working memory can slow the 
process of declining language and reasoning 
skills. 


3.6 Age-Related Decline 


of Spatial Navigation 


Spatial navigation refers to the ability to select, 
determine, and execute navigation routes using 
different cues when moving from one to another 
location, including the involvement of multiple 
functions, for example, executive functions, plan- 
ning, attention, spatial memory, and route learn- 
ing [190]. As a complex cognitive activity, spatial 
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navigation involves a large number of brain 
regions, including hippocampus, parahippocam- 
pal gyrus, striatum, entorhinal cortex, medial 
temporal lobe, prefrontal lobe, posterior parietal 
lobe, postcortical cortex, etc. [191-193]. 


3.6.1 Neural Basis of Spatial 


Navigation 


Two fundamental representations of spatial navi- 
gation have been proposed: the allocentric repre- 
sentation and egocentric representation. The 
former decodes spatial information centered on 
its position to maintain the sense of direction 
when moving. Its neural basis mainly includes 
the inferior parietal lobe and striatum [192, 193]. 
The latter uses objects in the environment as a 
reference to navigate. It is mainly attributed to 
the functions of the hippocampus or the parahip- 
pocampus in the limbic system and the entorhinal 
cortex [193, 194]. 

Researchers suggest that brain regions such as 
the hippocampus and entorhinal cortex, which 
are involved in spatial navigation, are susceptible 
to aging [195, 196]. Therefore, during aging, 
changes occur in spatial navigation, and this defi- 
cit has different internal mechanisms. 


3.6.2 Aging and Spatial Navigation 


Healthy older adults often experience a deficit in 
spatial navigation. The explanation is the atrophy 
of the hippocampus and frontal cortex during 
aging, resulting in impaired functions [195, 197]. 
Individuals with AD exhibit more severe deficits 
in spatial navigation, both in allocentric and ego- 
centric representations. Getting lost is one of the 
early manifestations of AD [198]. In patients 
with AD, the ability to learn the route and iden- 
tify their own directions and landmarks signifi- 
cantly decreases [198—200]. The deterioration in 
the spatial navigation of patients with AD con- 
tributes to the loss of integrity in the hippocam- 
pus, which leads to failures in attempts to form 
and use cognitive maps [194]. Mild cognitive 
impairment (MCI) is the preclinical stage of AD; 
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some patients with MCI progress to AD, while 
others do not. In that case, normally aging 
patients and those with a high risk of AD conver- 
sion must be distinguished [199, 201]. In indi- 
viduals with MCI, allocentric and egocentric 
navigation show greater impairments than in nor- 
mally aging individuals and fewer deficits than in 
patients with AD [199]. Individuals with differ- 
ent subtypes of MCI show different levels of 
deterioration. Among them, individuals who have 
amnestic MCI in multiple domains suffer from 
the worst impairment in navigation, and their 
navigation performance is similar to the patients 
with AD [201], indicating that they are likely to 
convert to AD. Nevertheless, the navigation per- 
formance of individuals with non-amnestic MCI 
is similar to that of normal older adults [199]. As 
a result, spatial navigation has served as an indi- 
cator of AD in recent years. 


3.6.3 Virtual Reality Technology 
and Space Navigation 


With the development of virtual reality (VR) 
technology, the accuracy of screening has sub- 
stantially improved [202]. At the same time, VR 
also helps us further understand the mechanisms 
and neural basis of spatial navigation in cognitive 
aging. VR technology has been combined with 
sophisticated design stimuli and some classic 
spatial navigation paradigms, such as the Morris 
water maze, eight-arm maze or ten-arm maze, 
and star-shaped maze. Different paradigms ana- 
lyze different aspects; for example, the eight-arm 
maze paradigm focuses on the choice of spatial 
navigation strategies. Related research results 
show that elderly individuals are more inclined to 
choose self-centered navigation [203, 204]. This 
strategy involves less activation of the frontopari- 
etal control network and uses fewer cognitive 
resources, which is consistent with the late-in, 
first-out theory of cortical degeneration to some 
extent [205]. In addition, the research results of 
the Morris water maze show that the elderly show 
a poor spatial navigation ability, including a 
slower spatial navigation speed, increased error 
rate, and mobile response time [206]. Combined 
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with MRI technology, researchers first discov- 
ered grid cell-like features in the entorhinal cor- 
tex of the human brain. Moreover, in healthy 
adults who carry genes associated with a high 
risk of AD, grid cell-like characterization has 
decreased [207]. This decrease in the activation 
level of this signature was also observed in 
healthy elderly people, which may explain the 
mechanism underlying the impaired spatial navi- 
gation performance [208]. Additionally, aging, 
atrophy, and tau protein deposition in the entorhi- 
nal cortex area are also strongly correlated with 
AD, suggesting that related research on the role 
of aging in spatial navigation can provide refer- 
ences for an early predictive diagnosis and new 
ideas for interventional treatment for neurode- 
generative diseases such as AD [196, 207]. 


3.6.4 Summary 


Spatial navigation is an essential high-level cog- 
nitive function in daily life, which includes two 
representations, allocentric and egocentric navi- 
gation, with different neural basis. Specifically, 
the involved brain regions, such as the hippocam- 
pus and entorhinal cortex, are vulnerable to aging 
and exhibit structural atrophy and functional 
alterations. The ability to navigate differs from 
normal aging to AD. In addition, with techno- 
logical advances, VR has been increasingly 
applied in age-related spatial navigation research, 
revealing the important roles of the medial tem- 
poral cortex and the hippocampus in age-related 
spatial navigation. 


3.7 Conclusion 

In conclusion, different domains of cognitive 
function show different trajectories during the 
aging process. Some typical age-related cognitive 
changes have been identified, such as a decline in 
episodic memory, processing speed, and spatial 
navigation ability. All these aspects provide us the 
opportunity to detect individuals experiencing 
abnormal aging. The measurement of cognitive 
performance and the identification of biomarkers 
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related to cognitive impairments help us to under- 
stand the health status of elderly individuals. The 
identification of cognitive aging trajectories has 
benefited from longitudinal research carried out 
from a life span development perspective. 
Meanwhile, the analysis of development and 
aging provides new ideas for the interpretation of 
age-related research findings, and the internal 
mechanism of aging has also been explained by 
many neuroimaging studies. Additionally, distinct 
heterogeneity in cognitive aging, which includes 
pathological aging, normal aging, and successful 
aging processes, was discussed respectively. The 
purpose of exploring the age-related cognitive tra- 
jectory is to change the path of pathological aging 
and to improve the early prevention strategy. 
Therefore, the elderly individuals can experience 
less cognitive decline, remain in a healthy state, 
and avoid age-related diseases. 
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Abstract 


To understand the cause of the age-related 
decline in cognitive function and its underly- 
ing mechanism, the cognitive aging model can 
provide us with important insights. In this sec- 
tion, we will introduce behavioral and neural 
models about age-related cognitive changes. 
Among behavioral models, several aging theo- 
ries were discussed from the perspectives of 
educational, biological, and sociological fac- 
tors, which could explain parts of the aging 
process. With the development of imaging 
technology, many studies have discussed the 
neural mechanism of aging and successively 
proposed neural models to explain the aging 
phenomenon. Behavioral models and neural 
mechanism models supplement each other, 
gradually unveiling the mystery of cognitive 


aging. 
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4.1 introduction 

A major challenge for cognitive aging research- 
ers is to understand the causes of the age-related 
decline in cognitive function and the underlying 
mechanism. In this section, cognitive aging mod- 
els will be introduced from behavioral and neural 
perspectives of age-related cognitive changes. 
Behavioral models include psychological, educa- 
tional, biological, and sociological theories, all of 
which were proposed in studies on aging from 
researchers in different disciplines. With the 
development of imaging technology, many stud- 
ies have discussed the neural mechanism of aging 
and successively proposed neural models to 
explain the aging phenomenon. Behavioral mod- 
els and neural mechanism models supplement 
each other, gradually unveiling the mystery of 
cognitive aging. 
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4.2 Behavioral Models 

of Cognitive Aging 
4.2.1 Psychological Theories 


of Cognitive Aging 


The psychology of aging is a very broad topic, 
and unsurprisingly, there is no single integrative 
psychological theory of aging. However, among 
the many psychological theories of aging, the 
commonality is that the related topics are within 
the psychological field (e.g., learning, memory, 
and language). Aging theories attempt to explain 
how multiple changes affect individuals and their 
behavior as people age [1]. 

Sensory function, processing speed, working 
memory, and inhibitory function are considered 
indicators of cognitive resources. Thus, when 
completing cognitive tasks, individuals must use 
the series of mental processing abilities men- 
tioned above. Therefore, when we introduce 
resource deficit theory, we will integrate theories 
related to mental processing ability. 


4.2.1.1 Sensory Deficit Theory 
Sensory function appears to be even more funda- 
mental in explaining age-related variance in perfor- 
mance on cognitive tasks. The key point of the 
theory is that age-related deficits in sensory pro- 
cessing play a major role in cognitive decline with 
age [2]. Some studies support this theory and sug- 
gest that older adults show considerable deficits in 
basic sensory function, including vision and audi- 
tory processing [3]. Meanwhile, visual and auditory 
acuity have strong explanatory power for cognitive 
aging [2, 4]. Impaired olfaction was also proposed 
as a predictor of faster cognitive decline [5]. 
Furthermore, the main evidence for this the- 
ory comprises findings of correlations between 
age-related declines in sensory and cognitive per- 
formance [2, 6, 7], such as the substantial increase 
in the relationships between vision, hearing, and 
cognitive functions from adulthood to old age. 
The intercorrelations of these three variables 
were higher in the old age group than in the 
younger group [4]. Another study showed that 
the perceptual burden is associated with hearing 
loss and affects cognitive processing, particularly 
in older adults with limited resources [8]. 
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4.2.1.2 Processing Speed Theory 
Processing speed theory is one of the most popu- 
lar cognitive aging theories. It has been suggested 
as a general mechanism that underlies age-related 
differences virtually in all cognitive tasks [9]. 
The central hypothesis of this theory is that 
adults’ processing speed for many available pro- 
cessing operations would decrease with age, 
potentially leading to impairments in cognitive 
function because relevant operations cannot be 
successfully executed in a limited period of time. 
In addition, since a cognitive task or complex 
cognitive activities require all processes to be 
performed simultaneously, the reduction in the 
processing of related operations will lead to a 
decrease in useful information, which is required 
at higher levels of simultaneous processing and 
served as the simultaneity mechanism. In sum- 
mary, a reduction in speed is the major factor 
contributing to the negative age-related effects on 
fluid cognitive performance [10]. 

There are numerous studies supporting this 
theory, showing that after the speed control, the 
age-related variance was reduced in different 
cognitive areas, such as multitype memory [10- 
12], general intelligence [13—15], executive func- 
tions [16], and spatial abilities [17-19]. 
Furthermore, processing speed was associated 
with a large percentage of the age-related vari- 
ance in memory, spatial rotation, matrix reason- 
ing, etc [9, 20, 21]. Also, the result showed that 
even in very advanced age, cognitive abilities, 
including reasoning, memory, verbal fluency, and 
knowledge, were all mediated through process- 
ing speed [22]. 


4.2.1.3 Working Memory Theory 
Numerous researchers have proposed age-related 
differences in a variety of different cognitive 
tasks, which might be interpretable in terms of 
age-related limitations in working memory [23]. 
Working memory theories of cognitive aging 
build on the definition that working memory is a 
memory type that processes and stores informa- 
tion [24-27]. In fact, the effects of a reduced 
working memory capacity on cognitive aging 
have been divided into three orientations. 

The first orientation is the within-context 
assessment, and its evaluation is inferred from 
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collected observations while research partici- 
pants are performing other cognitive tasks. 
Researchers found that older adults showed the 
poorest performance on tasks with high process- 
ing demands, whereas tasks that demanded fewer 
resources showed smaller age-related differences 
[9]. Therefore, older adults appear to possess 
smaller effective working memory capacities 
than young adults [28]. 

The second orientation is the out-of-context 
assessment, which is also called as the measure- 
ment of individual and group differences. 
Numerous researchers have shown that perfor- 
mance on working memory tasks continuously 
decreases with age [29-31]. Researchers argue 
that age-related reductions in working memory 
might be responsible for the age-related differ- 
ences in assorted comprehension tasks [32], and 
working memory is associated with 44% of the 
age-related variance in a speech comprehension 
task [33]. Furthermore, studies confirmed that 
age-related differences in language comprehen- 
sion, verbal memory, and spatial memory are 
mediated through decreases in working memory 
(34, 35]. In addition, age-related differences in 
reasoning and problem solving have also been 
attributed to age-related reductions in working 
memory, and working memory mediates age- 
related differences in a variety of reasoning and 
other cognitive tasks [28, 36, 37]. 

The third orientation focuses on the contents 
of working memory rather than on its capacity 
[23], and age-related cognitive deficits may be 
due to a decrease in the inhibitory control of 
working memory contents [27]. Researchers 
regard this hypothesis as the inhibition deficit 
theory [38]. Moreover, we will elaborate on this 
theory in the next section. 


4.2.1.4 Inhibition Deficit Theory 

Another popular theory of cognitive aging is the 
inhibition deficit theory. Hasher and Zacks pro- 
posed that older adults are less able to inhibit 
unwanted or irrelevant information, which occu- 
pies the space of working memory, thereby 
reducing temporary storage and further process- 
ing abilities [38, 39]. In this case, aging weakens 
inhibitory processes that regulate attention and 
the contents of working memory, thereby affect- 
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ing a broad range of cognitive performance [27, 
38, 40]. For example, inhibition deficit theory 
might explain why older adults’ performance suf- 
fers more from distracting stimuli during reading 
[41] or listening [40, 42] and why older adults’ 
conversations are more likely to go off topic [43]. 

Numerous lines of evidence support this the- 
ory. According to one study, a decreased inhibi- 
tory response may explain the increased 
interference on Stroop tasks with age [44]. Age- 
related differences in inhibition at the level of 
selective attention have been observed, indicat- 
ing that older adults may show impairments in 
the input and retrieval process due to inefficient 
inhibition that ultimately slows or impedes 
retrieval of target facts [45]. Older adults are 
also deficient in the deletion of information that 
is no longer relevant, providing evidence of 
greater proactive interference (PI) in older 
adults than younger adults [46]. Researchers 
also suggested that inhibitory dysfunction with 
aging is a source of general attentional dysregu- 
lation that might account for age-related deficits 
in other cognitive domains, such as task switch- 
ing, response competition, and response sup- 
pression [47]. 


4.2.1.5 Executive Decline Hypothesis 

The executive decline hypothesis is a theory that 
has emerged in recent years. This hypothesis sug- 
gests that executive function ability is more likely 
to decline with age, which is an important expla- 
nation for cognitive ability aging [48, 49]. 
Because the individual’s behavioral performance 
on various cognitive tasks is often related to the 
effectiveness of controlling other cognitive oper- 
ations, executive function may be an important 
factor contributing to individual differences in 
cognitive function, especially age-related indi- 
vidual differences. Age-related deficits in execu- 
tive functions include reductions in the abilities 
to select relevant information and inhibit irrele- 
vant stimuli inhibition, a decreased ability to per- 
form task switching, and deficits in attentional 
processing resources [38, 40, 50, 51]. Differences 
in performance between younger and older adults 
are minimal on simple span tasks or item recog- 
nition that require only rote rehearsal, whereas 
older adults perform worse than younger adults 
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when memory updating, reordering, or inhibition 
tasks are added. Thus, older people have worse 
executive function than younger adults [52]. 

In addition, some researchers have noted that 
the concepts of attention, inhibition, and working 
memory in traditional cognitive aging theory 
may only reflect one aspect of executive function, 
while an aging study examining executive control 
ability may provide a unified interpretation of the 
overall cognitive aging mechanism [53]. 


4.2.1.6 Summary 

The aforementioned psychological theories of 
cognitive aging have evidence to support their 
interpretations of cognitive aging. Nevertheless, 
researchers also tended to explore their inter- 
actional relationship in cognitive aging. It was 
reported that there was a large attenuation of 
the age-related effects in working memory 
when the measures of inhibition were con- 
trolled. However, the attenuation was strong 
when the measures from the neutral condition 
and speed measures from separate tasks were 
controlled. Age differences in working mem- 
ory may originate because of reduced inhibi- 
tion abilities, thus statistical control of 
measures of inhibition should reduce the age- 
related effects on working memory. However, 
the attenuation was strong when the speed 
measures from separate tasks were controlled, 
which indicated that speed or even other fac- 
tors appear to be more important than inhibi- 
tion contributing to the age differences in 
working memory [54]. Other results suggested 
that after control, individual differences in per- 
ceptual speed, vision, and hearing, the age- 
related variance of the intellectual abilities was 
reduced. This result implies that the sensory 
function and perceptual speed may all account 
for age-related variance in the intellectual abil- 
ities [4]. Thus, the interaction between differ- 
ent mental processing abilities influences 
cognitive aging in subtle ways. Future research 
needs to integrate the four processing resources 
on cognitive aging and analyze the relationship 
between the four processing resources and 
executive decline. 
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4.2.2 Educational Theories 
of Cognitive Aging 


Neural plasticity provides a neural basis for life- 
long learning, as evidenced by phrases such as 
“Never too old to learn.” Based on neural plastic- 
ity, research has proposed the scaffolding theory 
of aging and cognition, which is similar with the 
scaffolding theory in education. 


4.2.2.1 The Scaffolding Theory 
of Aging and Cognition (STAC) 

Decreases in brain structure, white matter integ- 
rity, dopaminergic receptors, and functional 
engagement in some brain areas, such as the hip- 
pocampus, have been observed with aging. 
However, compensatory increases have been 
detected in specific areas, such as frontal func- 
tional engagement, and correlate with better 
behavioral performance in older adults. 
Researchers proposed a homeostatic adaptive 
model called “The Scaffolding Theory of Aging 
and Cognition (STAC)” to explain these joint 
phenomena [47, 51, 52, 55]. 

As shown in this model [47], the process of 
aging potentially causes a deterioration of the 
brain structure or “neural challenges,” including 
structural shrinkage, decreased white matter 
integrity, cortical thinning, and depletion of dopa- 
mine receptors [56-63]. In addition, aging could 
also cause “functional deterioration,’ including 
dedifferentiation [64], default network dysregula- 
tion [65], and decreased activation of the medial 
temporal lobe (MTL) structures [30, 66]. 

However, the brain might respond to these 
deteriorations by engaging in “compensatory 
scaffolding” through the recruitment of bilateral 
frontal or prefrontal or dorsolateral prefrontal 
cortex (DLPFC) and parietal areas [67-72], alter- 
ing the form of structural changes (including 
neurogenesis) in the brain [73, 74], and engaging 
in more distributed processing when performing 
a task [67, 68, 71]. Furthermore, the aged brain is 
less efficient at generating scaffolding. Scaffolded 
networks are less efficient than highly developed 
cognitive networks, and even pathologies such as 
Alzheimer’s disease may limit the ability to 
engage in scaffolding [75-77]. 
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Scaffolding could be promoted or enhanced 
by training, improving learning ability, engaging 
in cognitive activities, sustaining abundant cogni- 
tive reserve, and other protective factors, such as 
higher education and increased levels of brain- 
derived neurotrophic factor and serotonin. 
Indeed, external experience and training serve to 
improve brain neuroplasticity. The effect is not 
limited to neural structural development in older 
adults, as it also increases neural resources and 
improves function in a more specific manner [51, 
78-81]. The magnitude of neural deterioration 
combined with the effectiveness of new compen- 
satory scaffolds predicts the overall level of cog- 
nitive function. 

In summary, STAC suggests that despite neu- 
ral challenges and functional deterioration, the 
behaviors of older adults are maintained at a rela- 
tively high level due to the continuous engage- 
ment of compensatory scaffolding. 


4.2.2.2 A Life Course Model 

of the Scaffolding Theory 

of Aging and Cognition 

(STAC-R) 
STAC-R is revisiting The Scaffolding Theory of 
Aging and Cognition. This conceptual model 
combines adverse and favorable effects on brain 
structure and function to determine cognitive sta- 
tus, which incorporates life-course factors that 
enhance, preserve, or compromise brain status, 
compensatory potential, and ultimately cognitive 
function over time rather than emphasizing 
adverse effects of aging together with beneficial 
effects of compensation. The model is compati- 
ble with concepts of reserve and hypothesizes 
that it is similar with compensatory scaffolding. 
These processes are affected positively or nega- 
tively by factors that enrich or deplete neural 
resources [55]. 


4.2.3 Biological Theories 
of Cognitive Aging 


Biological theories examine aging from a bio- 
logical perspective, which studies processes at 
many different levels and tends to be specific to 
the description of a particular biological process 
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[1]. However, the studies’ attempt to integrate 
biological theories of aging has been reported. 
We will introduce these theories from three gen- 
eral categories. The first two are stochastic theo- 
ries and developmental—genetic theories, and the 
third category is evolutionary theories. 


4.2.3.1 Stochastic Theories 

Stochastic theories suggest that the loss of func- 
tions during aging may be due to the effects of 
environmental factors on living organisms that 
are random in nature and includes the subgroups 
known as the theory of somatic mutations, the 
theory of error catastrophe, the theory of DNA 
repair, the theory of the breaking of chemical 
bonds, the theory of advanced glycosylation, and 
the theory of oxidative stress [1, 82]. 

Somatic mutation theory is the best-known 
theory, which claims that normal radiation expo- 
sure over a person’s lifetime increases the proba- 
bility of acquiring diseases and diminishes life 
expectancy due to the destruction of biomole- 
cules, mainly DNA [83]. The error-catastrophe 
theory suggests that the perpetuation of protein 
synthesis errors diminishes the reliability of its 
products and creates aberrant and/or lethal pro- 
teins that potentially affect DNA replication and 
increase the probability of somatic mutations [82, 
84]. The reparation of DNA theory claims that 
the number of DNA replications determines the 
life span of a species [85]. The theory of the 
breaking of biomolecular bonds states that the 
modification of proteins generates the functional 
failure of cell metabolism [86] and leads to a 
decrease in physiological processes during aging 
[87]. 

According to the theory of advanced glycosyl- 
ation, collagen glycosylation has been the theory 
studied most extensively and is associated with 
aging [88]. The glycosylation of proteins is 
defined as the cross-link between glucose and 
protein. These cross-links are caused by a high 
concentration of glucose in the blood and tissues, 
which results in functional deterioration [89]. 
The basis of the theory of oxidative stress is free 
radicals or reactive oxygen metabolites (ROMs), 
which lead to the destruction of biomolecules 
and then cause many degenerative alterations 
associated with aging [90, 91]. 
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4.2.3.2 Non-Stochastic Theories/ 
Development-Genetic Theories 

According to non-stochastic theory, the environ- 
ment and genetics function together during aging 
[92], including the subgroups known as the the- 
ory of programmed senescence, the theory of 
telomeres, the theory of intrinsic mutagenesis, 
the neuroendocrine theory, and the immunologi- 
cal theory [82]. These theories are developmental 
in nature and imply that developmental changes 
are genetically controlled. 

The theory of programmed senescence sug- 
gests that aging is based on genetic program- 
ming that controls developmental changes [93]. 
The theory refers to the existence of an organic 
cell program that genetically determines the life 
span of each cell, and some genes are associated 
with diseases in the elderly, including some 
alleles of apolipoprotein E, which is also associ- 
ated with AD [94]. The theory of telomeres sug- 
gests that the existence of complete telomeres 
depends on the activity of telomerase that 
decreases over time. In normal cells, shortening 
of telomeres and the disappearance of genes 
from the region may be associated with aging 
[95]. The theory of intrinsic mutagenesis claims 
that longevity depends on the reliable replication 
of genetic material [86]. Failure to replicate 
DNA might induce mutagenesis, indicating a 
loss of functions in the organism and thereby 
causing aging. The neuroendocrine theory 
claims that decreased levels of many hormones 
of the hypothalamic—pituitary—adrenal axis 
cause problems with metabolism [96], subse- 
quently resulting in the aging phenomenon. 
Immunologic theory focuses on the decreasing 
function of the immune system as people age 
[97]. Specifically, aging results in reduced resis- 
tance to diseases and an increased incidence of 
autoimmune diseases [1]. 


4.2.3.3 Evolutionary Theories 

Evolutionary theories indicate how the process of 
natural selection may affect the aging process. 
Evolutionary theories of aging align closely with 
the aforementioned theories, suggesting that 
aging occurs due to the decreasing effect of natu- 
ral selection on the aging process [1]. 
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The three specific evolutionary theories are 
described as the following [98]: 

The mutation accumulation theory might 
explain why aging exists. Children with progeria 
do not reach adulthood; thus, the mutation would 
not be passed to the next generation. However, if 
the mutations are exclusively expressed during 
old age, they will not be selected because carriers 
have already transmitted their genes to the next 
generation. Mutations in certain genes expressed 
only in old age will have no real effect because 
most of them are already inactivated at this age. If 
the whole process is repeated multiple times with 
mutations and many generations, deleterious 
mutations will accumulate in old age, which 
leads to many health problems if the individuals 
reach old age [98]. 


4.2.3.4 The Antagonistic Pleiotropy 
Theory 

The antagonistic pleiotropy theory suggests that 
no actual negative effect would be observed on 
creatures in the wild because death would occur 
before negative effects become observable. 
However, if animals could live beyond the mean 
age in the wild, the negative effects of aging 
would occur because of the antagonistic effects 
of some alleles [98]. For example, in early child- 
hood, calcium in bones is beneficial for protect- 
ing organs and maintaining physical stability; 
after giving birth, the same genes that calcify 
bones could lead to coronary artery disease and 
heart attacks. 


4.2.3.5 The Disposable Soma Theory 

The disposable soma theory is supported by 
Kirkwood, who argued that the germline is 
immortal but that the soma is disposable [99]. 
This theory complements the mutation accumu- 
lation theory from a microscopic perspective 
because it suggests that organisms should bal- 
ance reproduction and maintenance of the 
somatoplasm. Because lifetimes are short in the 
wild, an investment of more energy in body 
maintenance mechanisms is useless compared to 
the expected life span in the wild. Thus, the soma 
is disposable. If extrinsic mortality is high, more 
resources should be invested in reproduction, and 
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subjects who live beyond the mean life span in 
the wild will undergo aging by chance. If extrin- 
sic mortality decreases in successive generations, 
a greater investment in maintenance of the 
somatoplasm would be useful [98]. 


4.2.4 Sociological Theory 
of Cognitive Aging 


Early sociological theories included disengage- 
ment theory [100] and subculture theory [101]. 
Interestingly, most of these theories are no longer 
viewed as viable by sociological-aging research- 
ers and theorists. Here, we only introduce a very 
broad and multidisciplinary theory, the life course 
theory. Life course theory postulates that to 
understand the situation of elderly people, one 
must not only consider individuals but also the 
life experiences, including the social, cultural, 
and structural contexts of a person’s lifelong 
development. Additionally, the four key princi- 
ples of historical time and place, timing of events 
in lives, linked lives, and human agency to make 
decisions are considered [1, 102]. Although a 
person’s life experiences might provide informa- 
tion that helps us to understand their current 
health status, adverse childhood experiences 
(ACEs) increase the risk of negative health out- 
comes across cohorts, despite social changes. 
The life course perspective recognizes that the 
timing of these experiences affects health and 
aging trajectories and may continue to influence 
health even in older adults [102]. 


4.2.5 Summary 


Altogether, several aging theories were discussed 
from the perspectives of psychological, social, 
and biological factors. Some parts of the aging 
process are explained by these theories, but the 
features of aging cannot be fully explained. 
Therefore, a more helpful approach is to develop 
an integrative model that considers the genetic 
and environmental factors across the life span to 
understand the causes of age-related deficits. 
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4.3 Neural Mechanism Models 

of Cognitive Aging 
4.3.1 Cognitive and Brain Reserve 


Theory 


From a life span perspective, researchers found 
that individuals with higher childhood IQs and 
better educational attainment are less likely to 
suffer from severe cognitive decline and less 
likely to be diagnosed with dementia [103], 
resulting in the proposal of cognitive reserve the- 
ory. Cognitive reserve theory indicates that indi- 
viduals with a high cognitive reserve (higher 
childhood IQ, greater educational and occupa- 
tional attainment in early life) have a higher cog- 
nitive peak. Cognitive decline presents later in 
individuals with a high cognitive reserve because 
pathology is tolerated longer than people with a 
low cognitive reserve. However, the decline rate 
of individuals with high reserves is more rapid 
than in those with low reserves after the turning 
point because the accumulated pathology of the 
high reserve group is much more severe than that 
of the low reserve group. 

The concept of the reserve has been advanced 
to Brain Reserve Theory, which refers to the dif- 
ference of age-related brain changes and pathol- 
ogy in individuals with different levels of 
cognitive reserve [104]. Individuals with high 
brain reserve may have a larger brain size, espe- 
cially in some critical regions such as the hippo- 
campus, which is related closely to memory 
function [105]. And the highly reserved brain 
may be the underlying mechanism of the patho- 
logical toleration of high cognitive reserve 
individuals. 

Scholars have debated the effect of cognitive 
reserve on cognitive performance. One proposal 
is differential preservation, which refers to the 
tendency of individuals with different levels of 
risk factors to preserve their cognitive function 
differentially with adult aging. Namely, cognitive 
reserve (including factors such as high IQ, high 
level of education and better occupation) influ- 
ences the rate of cognitive decline. The other 
hypothesis is preserved differentiation. Here, 
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educational attainment is not a protective factor 
against aging-related cognitive decline, but is 
associated with the level of cognitive develop- 
ment during childhood and adolescence. For 
example, cognitive reserve is associated with 
higher cognitive function throughout adulthood 
(i.e., the cognitive peak), but not the rate of cog- 
nitive decline. Moreover, accumulating evidence 
supports this hypothesis, indicating that a higher 
cognitive reserve is not related to the rate of cog- 
nitive decline [106]. 


4.3.2 “Last in, first out” Theory 

The changing trajectory of the human brain 
throughout the life span exhibits an inverted U 
shape with three stages: the development stage 
with increasing brain growth and reserve, the 
stable stage with a peak during several years in 
early or middle age, and the decline stage with 
decreasing brain integrity. This trajectory is not 
exactly the same in different regions in the brain. 
According to multiple studies, cortical regions 
with complex architectures, such as frontal and 
parietal regions, are among the slowest regions to 
develop and the fastest to decline. The findings 
have been named the “last in, first out” theory 
[107, 108]. These regions usually support higher- 
order cognitive processes, including executive 
function and memory. 

Cerebral cortical thickness is a biomarker for 
brain gray matter, driven by the density of cells in 
a cortical column. However, the changing trajec- 
tory of cerebral cortical thickness in the human 
life span is nonlinear. The peak cerebral cortical 
thickness usually appears at approximately 
2 years age, followed by a decrease of approxi- 
mately 1% per year in childhood and adoles- 
cence. The explanations for these changes are 
synaptic pruning and optimization of neuronal 
structures. At midlife, the cerebral cortical thick- 
ness maintains a stable rate of decline between 
0.1 and 0.5% per year, and in old age, the rate 
increases to the same or a higher level than in 
early age [109]. Although most of the cerebral 
regions follow the trajectory described above, 
exceptions still exist. The entorhinal cortex, a 
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region crucial for memory, peaks at approxi- 
mately 40 years age [110]. Studies have revealed 
that the entorhinal cortex is a central region for 
age-related changes and pathological accumula- 
tion of age-related neurodegeneration [111, 112]. 
The development and decline of white matter 
tracts in the human brain also follow the “last in, 
first out” rule in some regions. Tracts connecting 
frontal regions show delayed maturation, and this 
evidence supports the hypothesis that basic sen- 
sory processing is the quickest to mature. In old 
age, commissural fibers connecting association 
cortices are the most vulnerable during aging 
[113]. 


4.3.3 Posterior-Anterior Shift 
in Aging (PASA) 


The brain reserve theory and the “last in, first 
out” theory were proposed based on studies of 
changes in brain structure during the human life 
span. In addition to the structural morphology of 
the brain, the functional performance in the acti- 
vation of brain regions during completing cogni- 
tive tasks in functional magnetic resonance 
(fMRI) revealed several rules of aging. Over the 
last several decades, neuroimaging research has 
identified age-related neural changes that occur 
during cognitive tasks, one of which is the 
“posterior-anterior shift in aging (PASA): This 
shift is often described as compensatory recruit- 
ment of prefrontal regions due to age-related 
sensory-processing deficits in posterior regions 
[114]. 

In 1994, Grady et al. [115] first examined 
facial perception and location under two task 
conditions. The elderly presented weaker acti- 
vation in the occipital temporal area compared 
with the younger participants, while the activa- 
tion of anterior brain areas, including the pre- 
frontal cortex, was enhanced. The researchers 
proposed that the elderly compensated for 
defects in visual processing (decreased occipital 
lobe activation) by recruiting more advanced 
cognitive processes (enhanced prefrontal lobe 
activation). In this study, the task accuracy rates 
of the elderly and young people were similar, 
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but the elderly had longer response times than 
young adults. Therefore, the researchers sug- 
gested that the additional recruitment of the pre- 
frontal lobe enabled the elderly to maintain 
accuracy at a higher level at the expense of a 
slower response time. Some researchers explain 
the PASA pattern observed in cognitive process- 
ing using the dedifferentiation hypothesis of 
aging. During the aging process, the specificity 
of the anterior brain executive control areas and 
the posterior brain visual perception areas are 
weakened, and their covariation is enhanced, 
which reflects the dedifferentiation phenome- 
non of aging. Age was recently shown to be 
associated with spatial and temporal shifts in 
recruitment, in which younger and older adults 
recruit the same neural region at different points 
in a task trial [116]. This work reflects that older 
adults are not unable to engage in sensory pro- 
cessing, but rather have a temporal change when 
they recruit related brain regions. 


4.3.4 Hemispheric Asymmetry 
Reduction in Older Adults 
(HAROLD) 


Similar to PASA, the hemispheric asymmetry 
reduction in older adults (HAROLD) phenome- 
non is observed when older adults complete cog- 
nitive tasks. A study with a memory task 
conducted using fMRI by Cabeza found that 
young people recruited the left prefrontal lobe 
more in the encoding stage and the right prefron- 
tal region in the extraction stage, indicating 
asymmetric brain activation characteristics. 
While older people tended to recruit both sides of 
the frontal lobe in the extraction stage of mem- 
ory, a significant decrease in functional hemi- 
spheric asymmetry was observed [117]. This 
symmetry activation pattern in elderly individu- 
als is observed in simple action tasks such as key 
press tasks [118] or complex tasks such as word 
working memory and memory extraction tasks 
[31]. 

Numerous studies support the application of 
the compensatory hypothesis and the differen- 
tiation hypothesis, which explain the reduction 
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in brain asymmetry during the aging process. 
Research supporting the compensation hypoth- 
esis revealed that elderly individuals with poor 
memory performance had a similar brain acti- 
vation pattern to young people. Older people 
with better performance tend to recruit more 
contralateral brain regions to compensate for 
the decline in cognitive function caused by 
aging. The relationship between the degree of 
contralateral activation and cognitive perfor- 
mance supported this compensation hypothesis 
[119]. Studies have proposed that the weaken- 
ing of asymmetry in aging is only a dedifferen- 
tiation phenomenon, and the activation of the 
contralateral brain regions is less specific in the 
elderly [120]. The term of compensation has 
been normalized by a recent review proposed 
by Cabeza and his colleagues. The authors 
mentioned that compensation should be used to 
refer to the cognition-enhancing recruitment of 
neural resources in response to relatively high 
cognitive demand. Two basic criteria must be 
fulfilled to attribute any more intense activity or 
connectivity observed in older adults to com- 
pensation: the aspect being compensated for 
should be clear, and evidence should be avail- 
able for increased activation in older adults, 
which is a beneficial effect on cognitive perfor- 
mance [121]. The relationship between the 
extra recruitment of contralateral regions and 
cognitive performance is critical to identify 
whether the HAROLD model is explained by 
the compensation hypothesis. 


4.3.5 Compensation-Related 
Utilization of Neural Circuits 
Hypothesis (CRUNCH) 

Some researchers have suggested the 


“compensation-related utilization of neural cir- 
cuits hypothesis (CRUNCH)” to propose a fur- 
ther explanation of the relationship between 
increased brain activity and cognitive aging. 
According to the CRUNCH hypothesis, insuffi- 
cient cognitive processing efficiency causes the 
aging brain to recruit more neural resources to 
achieve the same computing output as the brain 
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of younger people. This compensatory brain 
activity is only efficient at the easier task levels, 
but when the task requirements increase and 
reach the maximum limit of neural resources, a 
decrease in cognitive processing efficiency and 
cognitive performance on difficult tasks will be 
observed accordingly [31]. Compensation is an 
increase in cognitive resources in the elderly. 
Older people start to increase their neural 
resources at a lower task difficulty, and the plat- 
form period is lower and starts to fall earlier than 
younger people [121, 122]. 


4.3.6 Summary 


Along with the development of structural and 
functional imaging technology, neural mecha- 
nism models of cognitive aging have been inves- 
tigated and proposed, respectively. In the early 
years of the human life span, factors such as 
higher IQ and high educational attainment bene- 
fit cognitive and brain reserves, which prepare a 
high cognitive peak to cope with age-related cog- 
nitive decline. Inspired by cognitive and brain 
reserve theory and during the exploration of neu- 
roplasticity in old age, researchers found that 
cognitive training increases the reserve of elderly 
individuals and provide a new possibility for the 
intervention of age-related neurodegeneration 
[123, 124]. Comparing the developmental and 
aging periods from the life span perspective, 
researchers established rules to explain their cor- 
respondence, such as the “last in, first out” theory. 
This theory is closely related to evolutionary 
theories, indicating the importance of large-scale 
longitudinal studies in revealing life span changes 
in cognition and the brain. Functional MRI pro- 
vides researchers with an opportunity to study 
brain activation pattern during cognitive process- 
ing in elderly individuals. PASA, HAROLD, 
CRUNCH, and many other hypotheses intended 
to explain the brain processing pattern of the 
elderly while completing cognitive tasks, and 
comparative studies with more elaborate experi- 
mental designs are needed to improve our under- 
standing of brain function and plasticity in aging. 
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Abstract 


The increased aging population who have 
aging-related diseases poses a serious chal- 
lenge to health services, including mental 
health services. Due to the changes of body, 
brain, living environment, and lifestyle, the 
elderly will have different psychological 
changes from other age stages, some of 
which would develop into mental disorders, 
and affect the cognition of the elderly in 
turn. This elderly mental health condition 
has drawn wide attention from scientists. 
This chapter introduces the two most com- 
mon emotional and affective disorders, late- 
life depression and anxiety, and focuses on 
their epidemiology and impact on the 
elderly. Furthermore, this chapter also 
reviews the effects of these two disorders on 
cognitive function and cognitive impair- 
ment in the elderly, and tries to explain the 
underlying mechanism of this effect from 
the perspective of related disease, cerebral 
circuit, and molecular biology. 
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With the development of science and technology, 
the average life expectancy has increased, induc- 
ing worldwide population aging. The increased 
aging population, who have aging-related dis- 
eases, poses a serious challenge to health ser- 
vices, including mental health services. This 
elderly mental health condition has drawn wide 
attention from scientists. Late-life depression and 
anxiety are the most common emotional and 
affective disorders and influence cognitive func- 
tion, physical health, and quality of life. In this 
chapter, we introduce emotional function in 
elderly individuals and focus on emotional and 
affective disorders and their effects on cognitive 


aging. 


5.1 Emotional and Affective 
Disorders in the Elderly 
5.1.1 Emotional Function 


in the Elderly 


Despite the decline in physical and cognitive 
functions, emotional function seems to be stable 
or even enhanced in old age. Compared to young 
and midlife adults, depression and anxiety rates 
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are lower in older people [1]. In general, aging is 
associated with more positive overall emotional 
well-being, better emotional stability, and more 
emotional complexity [2]. Negative emotions, 
including anger, sadness, and fear, generally 
decrease with age. 

Elderly individuals may tend to be more sen- 
sitive and remember positive relative informa- 
tion better than negative information. Charles 
and colleagues presented participants with posi- 
tive, negative, and neutral images and asked 
them to recall as many images as they could. The 
older adults recalled fewer images in general 
than young adults, but they recalled a greater 
number of positive images than negative images. 
There were no significant differences between 
the positive and negative images that younger 
adults recalled. Thus, with aging, compared to 
the recalled neutral and positive images, the 
recalled number of negative images decreased 
[3]. In addition, these age-related shifts in the 
ratio of recalled or attended positive to negative 
materials (e.g., images from the experiment 
mentioned above) can potentially improve the 
longer-term well-being and momentary mood of 
elderly individuals [4]. 

In addition to the information itself, the way 
of recognizing and reacting to the information 
is also very important in emotional function. 
Compared to younger adults, the elderly may 
also be good at emotional reactivity and regula- 
tion. For example, elderly individuals’ daily 
anger experiences decreased with age [5]. 
Additionally, when elderly adults were required 
to regulate their emotions in the mood induc- 
tion response, they performed equally well or 
even better than younger adults who followed 
the instructions [6, 7]. Furthermore, older 
adults appear superior to younger adults in 
strategies used in emotional regulation. From a 
social perspective, older adults reported less 
distress in interpersonal conflicts than younger 
adults. Meanwhile, elderly adults use passive 
strategies more often to avoid conflict involve- 
ment and select more efficient strategies to 
solve interpersonal problems than younger 
adults [8—10]. This result indicates that using 
different strategies can also help explain why 
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daily stress levels generally decrease with age 
[11] and why affective well-being improves in 
elderly individuals. 


5.1.2 Common Emotional 
and Affective Disorders 
in the Elderly 


Although, in general, there is no emotional func- 
tion decline in normal aging, severe abnormal 
emotional function and affective disorders can 
still result in accelerated cognitive decline, social 
isolation, frailty, and increased illness severity. In 
the following section, we introduce common 
affective disorders in elderly individuals: late-life 
depression and anxiety. 


5.1.2.1 Late-Life Depression 
Depression includes symptoms of persistent 
sadness and loss of interests, which impacts the 
lives of individuals from the level of emotions, 
cognition, and behavior. It may also lead to a 
variety of physical problems. Depression diag- 
nosis procedures often follow the Diagnostic 
and Statistical Manual of Mental Disorders, 
fifth edition (DSM-5). If an individual experi- 
ences a depressed mood or was unable to enjoy 
or take an interest in activities, along with the 
other four related symptoms for most of the day 
for 2 weeks, they could be diagnosed with a 
major depressive episode. The other symptoms 
of the major depressive episode include (a) 
change in appetite or weight, (b) insomnia or 
hypersomnia, (c) psychomotor agitation or 
retardation, (d) fatigue or loss of energy, (e) 
feelings of worthlessness or excessive or inap- 
propriate guilt, (f) poor concentration, and (g) 
recurrent thoughts of death and recurrent sui- 
cidal ideation. When one or more major depres- 
sive episodes occur that are not attributable to 
medical or substance-induced conditions and 
cannot be better explained by a psychotic disor- 
der without mania or hypomania episodes, the 
individual can be diagnosed with major depres- 
sion disorder (MDD) [12]. 

Depression is not a part of normal aging. As 
mentioned above, aging is associated with a 
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reduced prevalence of depression [1]; however, 
clinical depression can have serious conse- 
quences. Two forms of depression are included in 
late-life depression. One is late-onset depression, 
which is defined as depression that occurs in late 
life for the first time (in patients approximately 
60 years or older). The other is depressive patients 
diagnosed before reaching elderly age. 

Approximately half or more geriatric patients 
with depression have late-onset depression. The 
prevalence of MDD varies among different stud- 
ies and populations, ranging from 7.2 to 38% in 
the elderly [13, 14]. Rates of depression are mod- 
ulated by gender, with a higher prevalence found 
in female elderly individuals than in males. 
Furthermore, the depression prevalence rate of 
older adults is substantially higher in those who 
live in medical institutions and long-term care 
facilities, while prevalence in the community is 
lower. Risk factors leading to the development of 
late-life depression are likely to comprise com- 
plex interactions with certain vulnerabilities, 
including genetic factors, cognitive diathesis, 
age-associated neurobiological changes, physical 
illness and disability, and stressful events, such as 
bereavement and caregiving [15, 16]. 

There are age differences in the presentation 
of depression symptoms, i.e., older adults may 
present depressive symptoms differently than 
younger adults. Compared to younger or middle- 
aged adults who are diagnosed with depression, 
symptoms such as sleep disturbance, fatigue, 
psychomotor retardation, loss of interest in liv- 
ing, and hopelessness about the future tend to 
occur more frequently in late-life depression 
[17]. Similar results have also been reported by 
Variend and colleagues when reviewing clinical 
differences between early- and late-onset symp- 
toms of depression. The results indicate that older 
individuals present the following symptoms more 
frequently: anhedonia (an inability to experience 
pleasure from activities normally found enjoy- 
able), cognitive deficits, psychomotor retarda- 
tion, and weight loss [18]. Cognitive impairment 
is very common in late-life depression. For 
instance, poor memory and concentration, slower 
cognitive processing speed exhibition, and exec- 
utive dysfunction were frequently reported in 
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depressed elderly individuals [19]. (For details 
regarding the effects of depression on cognitive 
aging, see the second section of Chap. 5.) 

Depression is also associated with many med- 
ical conditions, including heart disease, arthritis, 
asthma, back pain, chronic pulmonary disease, 
migraine, cardiovascular and cerebrovascular 
diseases, dementia, and cancer. The comorbidity 
rate of anxiety and depression is also high. As 
measured by the Canadian Community Health 
Study, the lifetime prevalence of comorbidity rate 
is 39.2% [20]. The co-occurrences of depression 
and other diseases can cause heavy burdens to 
individual health and their caregivers. 
Additionally, depression is an affective disorder 
associated with suicide. It has been estimated that 
approximately 15% of patients with MDD com- 
mit suicide. Additionally, those who experience 
late-onset depression are at higher risk [21], and 
older adults over the age of 65 have the highest 
suicide rate compared to other age groups [14]. 
Comorbidity with other disorders, such as anxi- 
ety and agitation, and rapid changes in depressive 
status also increase the risk of suicide. Thankfully, 
studies have proven that identifying and treating 
depression can effectively prevent suicide among 
elderly individuals. Considering the aforemen- 
tioned findings, late-life depression should be 
given more attention. 


5.1.2.2 Anxiety Disorder 

Anxiety disorders display as uncontrolled feel- 
ings of apprehension and persistent worries. 
Normally, experiencing anxiety, worry, and stress 
does not mean that one has anxiety disorder. 
These symptoms evolve into a mental disorder 
only when the symptoms become excessive and 
persistent, such as anxiety responses or panic 
attacks, eliciting avoidance behavior that impairs 
our daily life functioning. Generalized anxiety 
disorder, panic disorder, obsessive-compulsive 
disorder, post-traumatic stress disorder, social 
anxiety disorder, and specific phobias are all 
included in the anxiety disorder category [12]. 
The physical symptoms of anxiety include palpi- 
tations, shortness of breath, dry mouth, trem- 
bling, sweating, gastrointestinal discomfort, 
diarrhea, muscle tension, and blushing. In some 
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types of anxiety disorder, dizziness, fainting, 
sleep disturbance, and concentration difficulties 
are also very common [22]. 

As mentioned above, depression and anxiety 
often coexist, and longitudinal studies have 
shown that anxiety more often precedes depres- 
sion if comorbid anxiety and depression occur 
[23]. Worry, poor concentration and cognitive 
function, sleep disturbance, feelings of guilt, 
hopelessness, and a sense of worthlessness are 
negative impacts frequently observed in both 
anxiety and depression [22]. 

In general, gender modulates the prevalence 
of anxiety disorders, with females being more 
susceptible to anxiety disorders. 
However, this gender difference tends to dimin- 
ish with increasing age. Additionally, the preva- 
lence of anxiety disorders generally decreases 
with age [24]. The prevalence of anxiety disor- 
ders in elderly individuals varies among different 
studies and populations. For example, Andreas 
and colleagues investigated the prevalence of 
anxiety disorder in a European sample of 3142 
people aged 65 to 84 years old, and the preva- 
lence of lifetime anxiety disorder was 25.6%, 
12-month anxiety was 17.2%, and current anxi- 
ety disorder was 11.4% [25]. However, in the 
United States, a study in a sample of 2575 indi- 
viduals aged 55 years and older reported a 
12-month prevalence of 11.6% [26]. Furthermore, 
in a study with an Australian sample aged 
65 years and older, the 12-month prevalence 
decreased to 4.4% [27]. 

Anxiety disorder can be caused by a complex 
combination of factors, including genetic factors, 
childhood and personality development, and 
social and environmental factors. Abuse and 
trauma are also factors that cause anxiety disor- 
der, while major losses are considered the fore- 
most causes. In the elderly, the symptoms of 
anxiety disorder are similar to younger patterns, 
but with dominant somatic symptoms and com- 
plaints. Some topics seem to need more attention, 
which are fear of death and disease and displace- 
ment phobias related to the fear of falling or 
being attacked [28]. 

Apart from depression, anxiety is also associ- 
ated with other medical conditions and disorders, 
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including substance abuse disorders, psychosis, 
cognitive impairment, and neurodegenerative 
disease (for details regarding to the effects of 
anxiety in cognitive aging, see the second section 
of Chap. 5.). There is also an association between 
anxiety disorders and suicide, similar to depres- 
sion. For instance, when examining the relation- 
ship between anxiety disorders and suicide 
attempts, Nepon and colleagues found that 
among individuals who reported a lifetime his- 
tory of suicide attempts, > 70% had a history of 
anxiety disorder. Additionally, suicide risk varies 
in different types of anxiety disorders [29]. 
Similar results were also found by Sareen et al., 
in which individuals with post-traumatic stress 
disorder were significantly associated with sui- 
cidal ideation and attempts [30]. For older adults, 
anxiety disorders occurred in one of six patients 
who died due to suicide in the United Kingdom. 
Compared to younger patients who died from 
suicide, physical decline and social isolation 
played a more prominent role in elderly individu- 
als who committed suicide [31]. 


Effects of Emotional 
and Affective Disorders 
on Cognitive Aging 


5.2 


According to aforementioned information, we 
realize that emotional and affective disorders 
negatively impact the daily life and body health 
of elderly individuals (e.g., sleep disturbance, 
fatigue, and weight loss). The following section 
will focus on the impacts of affective disorders 
(1.e., late-life depression and anxiety) on cogni- 
tive aging, including physiological and patholog- 
ical impacts and the possible underlying 
mechanism of these effects. 

People have noted the relationships between 
emotion and cognition, especially in the elderly. 
Research findings from the 1990s reported that 
both anxiety and late-life depression occur as a 
reaction to the onset of cognitive decline rather 
than as a cause of cognitive decline [32]. Late- 
life depression has been repeatedly found to be a 
predictor of preclinical cognitive decline [32, 
33]. Moreover, an increasing number of recent 
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studies have found that late-life depression and 
anxiety in the elderly are likely to cause cognitive 
decline, even MCI (mild cognitive impairment) 
and dementia. Some theoretical and empirical 
evidence may explain the mechanism of this phe- 
nomenon [34]. 


Effects of Common Emotional 
and Affective Disorders 

on Cognitive Aging 

in the Elderly 


5.2.1 


5.2.1.1 Late-Life Depression 

Considering the relatively high prevalence of 
late-life depression in older adults, many 
depressed older adults often complain about cog- 
nitive symptoms. Therefore, studies have begun 
to probe the complex relationship between late- 
life depression and cognitive impairment. After 
decades of research, studies have found that older 
adults with depressive symptoms or clinical 
depression have an increased risk of cognitive 
decline, MCI, and dementia [35-37]. 

A negative correlation between late-life 
depression and cognitive function has been previ- 
ously reported in clinical studies in both younger 
and elderly individuals [38—41]. Similarly, cross- 
sectional studies with community samples also 
reported a negative correlation between late-life 
depression and cognitive function in old age [42— 
44] and indicate that late-life depression is asso- 
ciated with more precipitous cognitive decline 
over time [36, 45]. This impacts various cogni- 
tive functions in the elderly, such as memory, lan- 
guage, attention, and executive function [36]. 

Late-life depression not only affects the cog- 
nitive function of healthy elderly individuals but 
also seems to affect pathological cognitive aging, 
such as MCI and dementia. The prevalence of 
late-life depression in the range of MCI is very 
broad. The population-based prevalence ranges 
from 3 to 83%, with a median prevalence of 
44.3% in hospital-based settings and 15.7% in 
population-based settings. Conversely, the preva- 
lence of MCI in late-life depression ranges from 
approximately 30% to 50%, and many studies 
have found that depression predicts the occur- 
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rence of MCI [46, 47]. According to a review 
from Byers and Yaffe, several studies found that 
late-life depression is strongly associated with 
dementia [34]. Meanwhile, late-life depression 
could be a risk factor for predicting the progres- 
sion of dementia [34, 37]. In fact, depressive 
symptoms are common in dementia patients, 
with a prevalence of approximately 30% [48]. 
More importantly, several researchers found that 
depression at the baseline level was associated 
with an increased risk of incident dementia, 
including the increased precipitation of certain 
biomarkers of dementia [49]. 


5.2.1.2 Anxiety Disorder 

Several studies suggest not only a negative asso- 
ciation between anxiety and cognitive perfor- 
mance in elderly individuals [42, 44, 50] but also 
that they covary over time [51]. Additionally, 
anxiety is negatively associated with cognitive 
performance. Akin to late-life depression, almost 
all aspects of cognitive function are negatively 
affected by anxiety. 

Similar to late-life depression affecting the 
elderly, anxiety also has a negative effect on 
elderly individuals’ cognitive function [44]. 
However, some comparative studies have found 
that anxiety and late-life depression may affect 
different elderly people in different ways. 
Depression may be characteristic of neuropatho- 
logical aging, whereas anxiety may be more 
common in normal aging [52]. 

A recent review found that the prevalence rate 
of anxiety in MCI was 31.2% in hospital-based 
settings and 14.3% in population-based settings 
[53], which is slightly lower than the prevalence 
rate of depression mentioned above. Researchers 
have found that late-life depression and anxiety 
often occur as comorbidities in abnormal cogni- 
tive aging, which means the two disorders are 
frequently studied together. These trends have 
led some studies to compare the common effects 
and differences between late-life depression and 
anxiety on pathological cognitive aging. A previ- 
ous study showed that the inverse association 
between anxiety and reduced cognitive perfor- 
mance was explained by adjustment for comor- 
bid depression [54]. Additionally, several studies 
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found that elderly individuals diagnosed with 
Alzheimer’s Disease (AD) reported less anxiety, 
and anxiety increased the probability of dementia 
in the future [55]. Therefore, the effects of anxi- 
ety on pathological cognitive aging may not be as 
severe as depression. Additionally, part of the 
impact comes from the comorbidity of 
depression. 


5.2.2 Possible Underlying 
Mechanism of the Effects 
of Emotional Disorders 
on Cognitive Aging 


Although the underlying mechanism of how 
emotional disorders affect cognitive aging has 
been studied for decades, an explanation has still 
not been revealed. Research studies have pro- 
posed a series of hypotheses and theories attempt- 
ing to explain this phenomenon, but most of them 
are still controversial and need to be further 
verified. 

According to a review published in Nature 
Reviews Neurology [34], vascular disease, glu- 
cocorticoid steroid levels, hippocampal atro- 
phy, increased deposition of amyloid-B plaques, 
inflammatory changes, and deficits of nerve 
growth factors or neurotrophins are likely to 
underlie depression and dementia. Dementia is 
a late stage of pathological development of cog- 
nitive aging, and the effects of emotional disor- 
ders on cognitive aging include normal, MCI, 
and dementia stages. Moreover, anxiety is often 
associated with depression and has a similar 
effect on cognition. Therefore, we will focus on 
the possible underlying mechanism of the effect 
of emotional disorders on cognitive aging pri- 
marily from the perspective of neurological 
review. 


5.2.2.1 Vascular Disease 

Late-life depression is related to subsequent 
vascular disease through multiple proposed 
mechanisms, primarily including hypotha- 
lamic—pituitary—adrenal (HPA)-axis dysregula- 
tion and elevated cortisol levels, which are 
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associated with metabolic syndrome, disruption 
of normal endothelial function and development 
of hypertension, and proinflammatory cytokines 
[56, 57]. As vascular disease has been shown to 
contribute to the clinical manifestation of demen- 
tia symptoms, ischemic damage, largely in the 
frontostriatal brain regions, may lead to substan- 
tial cognitive deficits [57]. 


5.2.2.2 Cortisol-Hippocampal Pathway 

In this pathway, late-life depression and depres- 
sive symptoms activate the HPA axis and increase 
glucocorticoid production, which may in turn 
damage the hippocampus. Some studies had 
found that loss of hippocampal volume increases 
the risk of cognitive decline [58], even dementia 
[59] in adults with late-life depression. However, 
the relationship between late-life depression and 
hippocampal atrophy is confirmed, and evidence 
showed that this link is mediated by increased 
cortisol levels is inconsistent. Thus, further 
research on elucidating these pathways is 
necessary. 


5.2.2.3 Amyloid-f Plaque Formation 

One hypothesized pathway links depression and 
Af together. This entails increased AB production 
initiated by a stress response associated with 
depression and glucocorticoid levels [60]. In 
addition, depression might influence AB accumu- 
lation through direct interaction with amyloido- 
genic processing early in AD [61]. 


5.2.2.4 Inflammatory Changes 

Two potential pathways involved in inflamma- 
tory changes within the central nervous system 
(CNS) connect depression and dementia. The 
first pathway is increased level of cytokines. 
For example, increased interleukin (IL)-6 and 
tumor necrosis factor (TNF) in depression 
patients may lead to a decrease in anti- 
inflammatory and immunosuppressant regula- 
tion, an increase in proinflammatory changes 
within the CNS and, ultimately, cognitive defi- 
cits and dementia [62]. Second, proinflamma- 
tory cytokines, such as IL-6 and TNF, interfere 
with 5-hydroxytryptamine metabolism and 
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reduce both synaptic plasticity and hippocam- 
pal neurogenesis [60]. 


5.2.2.5 Nerve Growth Factors 

Impairment in brain-derived neurotrophic factor 
(BDNF) signaling has been detected in stress- 
induced animal models of depression and in indi- 
viduals with depression, as well as in patients 
with AD [63]. In fact, studies of both depressed 
and AD patients have demonstrated decreased 
messenger RNA levels of BDNF in the hippo- 
campus [64]. 

Taken together, we find that emotional disor- 
ders may affect the cognition of the elderly in 
several ways. First, the nervous system response 
to emotional distress may activate the HPA axis 
and decrease messenger RNA levels of BDNF, 
resulting in increased plasma levels of glucocor- 
ticoids, increased incidence of vascular diseases, 
proinflammatory changes, and increased levels of 
amyloid plaques. These changes at the molecular 
level of the brain eventually lead to the atrophy 
and death of neurons, which is reflected in the 
reduction of brain region volumes, such as the 
hippocampus and frontal lobe. Finally, the physi- 
ological and pathological effects of emotional 
disorders on the cognition of the elderly are 
reflected by the decline of cognitive behavior. 

In summary, this chapter discusses the defini- 
tion, features, measurement methods, and influ- 
encing factors of some common emotional 
diseases (primarily depression and anxiety) in the 
process of cognitive aging, as well as their effects 
and possible mechanisms in the physiological and 
pathological process of cognitive aging. However, 
many issues regarding the effect of emotional dis- 
orders on cognitive aging have not yet to be 
answered, especially in the interpretation of the 
underlying mechanism. Therefore, research 
should further explore these issues in the future. 
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The Mechanism of Socioeconomic 
Status Effects on Cognition 


Chen Liu and Xin Li 


Abstract 


Socioeconomic status (SES) is a measure- 
ment of the sociological and economic sta- 
tuses of individuals compared to others within 
the social and economic hierarchies. The 
common indicators of SES are income, edu- 
cation, and occupation statuses. Recently, 
researchers have used mixed measurements 
of SES, such as the MacArthur Scale. 
Numerous researches have proven the influ- 
ence of SES on human development. 
Individuals who are less educated, have lower 
job status, and earn less or no income are at 
greater risk of poor health than their higher 
SES counterparts. SES has also been proven 
to influence life satisfaction, academic 
achievement, emotion regulation, cognitive 
function, and decision-making tendencies. 
SES has life span influence, which correlates 
with the level of cognition, rate of cognitive 
decline, and incidence of Alzheimer’s disease 
among elderly individuals. Besides the indi- 
vidual level of SES, neighborhood SES can 
also affect cognitive function as an environ- 
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mental factor. Low-SES individuals exhibit 
hypoactivation of the executive network and 
hyperactivation of the reward network, indi- 
cating low-SES individuals tend to focus 
more on monetary issues, while neglecting 
other non-monetary issues, which is consis- 
tent with the scarcity hypothesis. 


Keywords 


Socioeconomic status (SES) - Development - 
Cognition - Environmental factors - Scarcity 
hypothesis 


6.1 History and Definition 


6.1.1 The Origin and Development 
of Socioeconomic Status 


Social scientists and psychologists have shown 
great interest in socioeconomic status (SES) and 
its influence on life span development. However, 
there has never been a complete consensus on 
precise representations and containment [1]. 
Brown-lIannuzzi et al. [2] agreed that socioeco- 
nomic status is a measurement of the sociological 
and economic statuses of individuals compared 
to others within the social and economic hierar- 
chies. Some researchers believe that SES repre- 
sents a social class (or economic position), and 
others believe that SES represents social status 


73 


Z. Zhang (ed.), Cognitive Aging and Brain Health, Advances in Experimental Medicine and 


Biology 1419, https://doi.org/10.1007/978-98 1-99-1627-6_6 


6 


74 


(or prestige). Perhaps the current meaning that 
social scientists and psychologists hold for SES 
is the idea of capital [3]. Since individuals’ well- 
being is directly affected by access to material 
capital, nonmaterial capital, and social capital, 
capital (resources, assets) has become a preferred 
indicator for SES [4]. Capital is not only linked to 
material status but also brings into focus nonma- 
terial experiences, such as education and social 
network resources [5]. 

There have been numerous researches on the 
influence of SES on human development. 
Worldwide economic and political changes dur- 
ing the past four decades (e.g., increasing income 
inequality) have demonstrated how social posi- 
tion and economic resources affect the develop- 
ment of children and their families. According to 
the social researches on health disparities, or the 
general trend that is studied by the developmental 
scholars, the adults and children who are in the 
disadvantaged economic position are at increased 
risk of physical, emotional, and behavioral prob- 
lems [4, 6]. Concerning the influence of SES on 
children and adolescents, there is evidence for a 
solid relationship between poverty and mental 
health [7], between SES and cognitive develop- 
ment [8, 9], and between social class position and 
physical well-being [10]. 

In the past few centuries, multiple disciplines, 
such as medicine, epidemiology, sociology, 
demography, and economics, have participated in 
a strong and consistent relationship between SES 
and health. One of the research directions is com- 
paring diseased and healthy groups’ living condi- 
tions. Across diverse cases, individuals who are 
less educated, have lower job status, and earn less 
or no income are at greater risk of poor health 
than their higher SES counterparts [11]. 
Moreover, these associations have a monotonic 
or stepwise functional relationship with health, 
and these associations are not only due to income. 

In the domain of developmental psychology, 
scientists have been aware of the influence of 
academic achievement on SES since 1990. 
Recently, a meta-analysis research reviewed the 
studies on SES and academic achievement. In the 
sample of 101,157 students, there is a medium to 
enhance SES-achievement relation, which is 
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moderated by the range of SES variable, the mea- 
surement of SES, and the geographical location 
[12]. 

While SES has been shown to affect health 
conditions, life satisfaction [13], and academic 
achievement [4, 12], psychological studies have 
also revealed the influences of SES on an indi- 
vidual’s thought processes [14]. For instance, 
well-being, income, and SES have been shown to 
affect emotion regulation [15], cognitive function 
[16], and decision-making tendencies [17]. 


Indicators and Measurements 
of Socioeconomic Status 


6.1.2 


SES is a multidimensional structure that has 
been measured in multiple ways. One structure 
captures various dimensions of social position, 
including prestige, power, and economic well- 
being [6, 18]. Researches [4] claimed that 
income, education, and occupational status are 
the three indicators that provide a more compre- 
hensive coverage of the areas of interest. 
Although these three quantitative indicators are 
positively associated with themselves [19], there 
is also a general agreement that they should not 
be combined into simple composite scores. For 
example, Duncan and Magnuson [20] suggested 
that these three indicators separately presented 
different levels of stability across time, and they 
differentially predicted childhood academics, 
suggesting three indicators: achievement, life 
satisfaction, and life span health condition. 
Therefore, income, education, and occupational 
status are not interchangeable indicators of 
SES. Investigating and analyzing these variables 
separately provide the insights to understanding 
the uniqueness and combined contributions to 
human development. 

Education is one of the foundational elements 
of SES that prioritizes later indicators, such as 
occupation, income, and wealth. Education is 
typically completed during the early stage of 
human development (except in childhood); there- 
fore, the impact of reverse causation is less vul- 
nerable than other markers. For example, poor 
health may lead to lower income, in which poor 
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health is the cause of low SES, while education is 
always considered to be a cause of health condi- 
tions because it was accomplished before the 
onset of major health problems. In addition, low 
refusal rates are the typical and accurate answer 
to education questions. However, education stud- 
ies have some limitations, and the implications 
for earnings and occupation potential may vary 
across demographic groups (e.g., age, gender, 
ethnicity/race, or national origins). In addition, 
education is a relatively crude indicator with few 
categories and does not include information 
about educational quality [11]. 

Income is another widely used SES indicator. 
Some studies use absolute income as an indicator 
of SES, while others consider family size and 
family construction and use adjusted income as a 
measurement of SES. Household income esti- 
mates adjusted for the supported numbers pro- 
vided more complete information regarding the 
standard of living. In addition to absolute and 
adjusted income levels, income dynamics 
(changes in income across the life span) provide 
important changing information that may relate 
to life span variables. The limitation of income 
information is that it is subject to high nonre- 
sponse rates, and biased reporting can be less rel- 
evant in individuals who are not in the labor 
force. Likewise, income does not provide com- 
prehensive information about consumption level 
since this may vary across community contexts 
and demographic characteristics. 

Occupations are not a quantitative measure of 
SES, they are categorized hierarchically accord- 
ing to characteristics such as earned income, 
required education, associated skills, or level of 
influence. For example, International Standard 
Classification of Occupations (ISCO) has 
categorized the occupations into ten levels 
according to the required skills. The limitations 
of occupational measurements include the high 
subjectiveness of occupational status ranking and 
the measurements cannot be used for individuals 
who are not in the labor market. Besides, consid- 
erable variation in prestige, earnings, and other 
factors were frequently contained in the occupa- 
tion categories [21]. 


Recently, researchers have tended to use 
mixed measurement of SES due to its multidi- 
mensional structure and comprehensive charac- 
teristics. There are some measurements of SES 
that are widely accepted. One is Hollinghead’s 
four-factor index of social status, which is a sur- 
vey designed based on four domains of SES: 
marital status, retired/employed status, educa- 
tional attainment, and occupational prestige [22]. 
According to the description of the scale, the 
education code is rated on a 7-point scale, in 
which 7 = _ graduate/professional training; 
6 = standard college or university graduation; 
5 = partial college, at least 1 year of specialized 
training; 4 = high school graduate; 3 = partial 
high school, tenth or 11th grade; 2 = junior high 
school, including ninth grade; and | = less than 
seventh grade, and 0 = not applicable or unknown, 
respectively. The occupational code is rated on a 
9-point scale, in which 9 = higher executive, pro- 
prietor of large businesses, major professional; 
8 = administrators, lesser professionals, propri- 
etor of a medium-sized business; 7 = smaller 
business owners, farm owners, managers, minor 
professionals; 6=technicians, semi-professionals, 
small business owners (business valued at 
$50,000—70,000), 5 = clerical and sales workers, 
small farm and business owners (business valued 
at $25,000—50,000); 4 = smaller business owners 
(<$25,000), skilled manual laborers, craftsmen, 
tenant farmers; 3 = machine operators, and semi- 
skilled workers; 2 = unskilled workers; and 
1 = farm laborers, menial service workers, stu- 
dents, housewives (dependent on welfare, no 
regular occupation); and 0 = not applicable or 
unknown. An SES score is then calculated for a 
total SES score [22]. 

MacArthur Scale of Subjective Social Status 
(MacArthur SSS Scale) is another comprehen- 
sive scale to measure SES. The MacArthur SSS 
Scale was created by health psychologist [23]. It 
is a single-item measurement that assesses a per- 
son’s perceived rank relative to others in their 
group. During the process of measurement, the 
drawing of a ladder with ten rungs will be pre- 
sented to the participants. The representation of 
the ladder where people stand can be determined 
in the way of hearing or reading. Individuals fur- 
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ther read or hear: “At the top of the ladder are the 
people who are the best off, those who have the 
most money, most education, and best jobs. At 
the bottom are the people who are the worst off, 
those who have the least money, least education, 
worst jobs, or no job. Please place an ‘X’ on the 
rung that best represents where you think you 
stand on the ladder” At some point, the 
MacArthur SSS Scale is better than objective 
measures of SES because, during reporting, 
many individuals were not clear about their abso- 
lute income or education level, and may hide the 
real data. Moreover, compared to the objective 
SES measures, the MacArthur SSS Scale some- 
times predicts health and well-being better [24]. 


6.2 The Effects of Socioeconomic 
Status on Cognition 


in the Elderly 


Socioeconomic status seems to have a life span 
influence. Various studies have shown that SES 
affects cognitive ability, school performance, and 
mental health among children and adolescents. 
Recently, researchers have found that SES also 
has similar effects on the elderly. The correlation 
between early life socioeconomic status and the 
level of cognition, rate of cognitive decline, and 
incidence of Alzheimer’s disease among elderly 
individuals was studied by Wilson and colleagues 
[25]. The baseline was set by 859 older Catholic 
clergy members without dementia, which is a 
part of the Religious Orders Study. The results 
indicated that the higher the individual and com- 
munity socioeconomic levels in early life were, 
the higher the level of cognition in late life. 
However, neither of these two variables were 
related to the risk of AD or the rate of cognitive 
decline. The results suggest that early-life socio- 
economic level and late-life cognition level are 
correlated. Zhang and colleagues [26] studied 
whether the risk of cognitive impairment is 
affected by SES. During the study, the influences 
of early-life SES on the risk of cognitive impair- 
ment in the elderly individuals in China were 
examined, and the mediating effect of adult status 
was considered. The relationship between living 
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in urban areas in early life and lower incidence of 
cognitive impairment at baseline was found to be 
significant by analyzing data from the Chinese 
Longitudinal Healthy Longevity Survey. The 
same effect was found among education and inci- 
dence of cognitive impairment. For the longitude 
analysis, Zhang and colleagues [26] found that 
advantaged childhood SES has a modest protec- 
tive effect on the incidence of cognitive impair- 
ment onset during the 2-year follow-up, especially 
in women. These results suggest that the risk of 
cognitive impairment and incidence of 
Alzheimer’s disease (AD) in elderly individuals 
can be impacted by the socioeconomic environ- 
ment in the overall life span development, espe- 
cially during early life. 

Brayne and Calloway [27] investigated the 
distribution of scores in the Mini Mental State 
Examination (MMSE); all the participants are 
women aged 70-79 years from a rural area of 
Cambridgeshire. This research investigates its 
relationship with SES. The results showed that 
lower socioeconomic and less education groups 
were all found to be associated with lower scores 
on MMSE, indicating the SES effect on cogni- 
tion for the elderly. As for multidomain of cogni- 
tive ability, Angela and coworkers found that 
after adjusting for demographic information such 
as age, sex, and race, education had the strongest 
association with global cognition, episodic mem- 
ory, semantic memory, and visuospatial ability 
[28]. Brain mechanism is behind the SES effect 
on cognition for adults and the elderly. Fotenos 
and coworkers [29] investigated the relationship 
between SES and structural brain changes in 
nondemented older adults which is a potential 
indicator of preclinical AD. For the sample of 
362 nondemented adults aged 18-93 years, after 
controlling the effects of age and sex in older 
cognitive normal adults (>65 years), higher SES 
was associated with smaller whole-brain volume 
and more severe volume loss. Follow-up data 
analysis revealed that compared with those who 
remained nondemented, those who later devel- 
oped mild dementia has a greater association 
between brain volume reduction and 
SES. However, nondemented participants with 
high SES were found to have reduced brain vol- 
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ume in the cross-sectional analysis and acceler- 
ated volume loss in the longitudinal analysis. It is 
in line with the cognitive reserve theory, in which 
more privileged individuals have the capacity to 
cope longer with brain pathology before mani- 
festing dementia may contribute to this associa- 
tion relationship. 

Besides the individual level of SES, neighbor- 
hood SES can also affect cognitive function as an 
environmental factor. In a group of community- 
dwelling elderly individuals, researchers assessed 
cognitive function in a low-SES Asian neighbor- 
hood (owner-occupied housing in Singapore) and 
compared them to a high-SES neighborhood 
(rental flats in Singapore). They found that neigh- 
borhood SES has an influence on cognitive func- 
tion in the elderly, and living in a low-SES 
community was independently associated with 
poorer cognitive function and cognitive impair- 
ment [30]. 


6.3 


The Factors between 
Socioeconomic Status 
and Cognition 

6.3.1 Functional and Structural 


Brain 


SES represents overall life span and societal 
position, which strongly affect one’s individual 
experiences over the life span development. 
Understanding the mechanisms of how early 
childhood to life span environmental experiences 
affect the structure and function of the brain has 
become a popular topic for researchers. Many 
studies have focused on early childhood and spe- 
cifically investigated the link between SES and 
academic performance. Hackman and colleagues 
[31] claimed that the underlying mechanisms for 
the link between SES and academic performance 
are difficult to identify since the function of mul- 
tiple cognitive and socioemotional systems were 
reflected by various outcome variables: IQ, 
school achievement, and diagnostic classifica- 
tions. Thus, identifying the differences in under- 
lying cognitive and affective neural systems at 
the beginning as SES-related is a promising 


approach for studying the mechanisms of how 
SES affects these outcome variables. 

Studies have shown an effect of SES on lan- 
guage development. The degree of hemispheric 
specialization in the left inferior frontal gyrus 
(IFG), a region which includes Broca’s area, was 
positively correlated with SES, and this brain 
area is activated during the language task in 
young children [32]. This result indicated that 
children with low SES have decreased specializa- 
tion in language function in the left hemisphere. 
Additionally, among low-SES children, phono- 
logical awareness was positively associated with 
left fusiform activity during reading [33]. 

There are also SES-related differences in 
executive function, the degree to which specific 
neural systems are recruited during tasks are dif- 
ferent, even when there are no task performance 
differences between SES groups. For example, 
event-related potentials (ERPs) revealed that 
low-SES children have difficulty suppressing dis- 
traction early during the processing stream and 
thus exhibit larger responses to unattended stim- 
uli [34, 35]. In addition, low-SES children do not 
recruit prefrontal attention circuits in response to 
novel distracter stimuli compared to high-SES 
children [36]. In a task that requires the subject to 
apply familiar stimulus-response rules and to 
learn new rules, low-SES children preferentially 
recruit the right middle frontal gyrus when learn- 
ing novel rules according to functional MRI 
arousal. 

As for the neural processing of emotion, there 
is also evidence indicating SES-related differ- 
ences. Low-SES adolescents exhibit lower left- 
sided brain activity at rest, which is a pattern that 
is typically observed in patients with depression 
[37]. Increased amygdala response to angry faces 
is associated with lower subjective social status 
in college students [38]. In adults, lower subjec- 
tive social status is related to the regulation of 
emotional states and the high risk of having 
affective disorders, revealing by a smaller vol- 
ume of the perigenual anterior cingulate cortex 
[39], a region that is functionally connected with 
the amygdala. 

A meta-regression analysis conducted recently 
proposed a general perspective. In summary, 
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low-SES individuals exhibit hypoactivation of 
the executive network and hyperactivation of the 
reward network [40]. These results of the meta- 
analysis demonstrated that hypoactivity of the 
frontoparietal/cinguloopercular executive net- 
works and hyperactivity of the right caudate 
nucleus both occur across age and as a function 
of age. Structural differences in individuals with 
low SES were complementary to the functional 
brain analyses. Most notably, the anterior cingu- 
late cortex was reduced in gray matter volume in 
individuals with low SES as a function of age, 
which has been reported in many empirical stud- 
ies investigating the neural structures of individu- 
als residing in impoverished conditions [41]. The 
findings are consistent with the scarcity hypoth- 
esis, which states that individuals with low SES 
tend to focus more on monetary issues, while 
neglecting other nonmonetary issues [42]. 


6.3.2 Environmental Factors 


A growing number of researchers have studied 
one or more candidate-mediating factors in the 
field of SES neuroscience. These studies mea- 
sured and tested whether those factors statically 
account for the relationship between SES and 
brain structure or activity. Luby and colleagues 
[43] reported that mother-reported life stress and 
quality of parenting behavior both fully mediated 
the relationship between SES and hippocampal 
volume in children. Glen Elder [44] proposed the 
family stress model to explain the influence of 
low-SES children. According to this model, daily 
expenditures were forced to be reduced in fami- 
lies with low income. At the same time, those 
families struggle to pay bills and purchase neces- 
sary goods and services. Meanwhile, other 
stressful events, such as reduced social support 
and low self-esteem, are coupled with low eco- 
nomic status. Among poor parents, these factors 
normally cause high levels of psychological dis- 
tress, such as depressive and hostile feelings [45]. 

As evidence from the psychoneuroimmunol- 
ogy field, experiencing chronic and elevated 
physiological stress responses may impact the 
stress response system in children to healthy 
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development, including the brain regions respon- 
sible for self-regulation. It has been documented 
in an animal model that such stress has harmful 
effects on brain development. Stress hormones, 
such as cortisol, increase during exposure to 
stressful events and negatively influence the cog- 
nitive function of animals. For instance, brain 
structures, such as the hippocampus, which is 
crucial for memory, are impaired due to increased 
stress hormones [46]. Decreased immunological 
function is correlated with high levels of psycho- 
logical stress, which influences many late life 
inflammatory diseases [47]. For instance, recent 
evidence indicates that brain regions that support 
cognitive skills, such as executive functioning 
and self-regulation, are related to the body stress 
response system [48]. 

Numerous studies have focused on the process 
of SES influencing the brain. These studies indi- 
cated health-relevant (or lifestyle) behaviors as 
mediators between SES and the brain. More 
tobacco and alcohol were used, but less diet and 
exercise were performed among individuals of 
low SES. Wills and the colleagues [49] indicated 
that the likelihood of smoking was related to ado- 
lescent academic and behavioral competence, 
and smoking was positively correlated with low 
parental education level, which increases the pos- 
sibility of social interactions with those involved 
in drug uses and adolescent drug abuse. 


6.3.3 Decision-Making Process: 
A New Perspective 


According to the scarcity hypothesis, the “scar- 
city of resources affects how people allocate 
attention; individuals living in poverty tend to 
focus more on problems associated with money 
while neglecting non-monetary problems.” 
Predisposition to reward sensitivity could also 
develop among individuals raised in a low-SES 
environment [50]. Additionally, risky decision- 
making behavior, such as overborrowing, 
increase [51]. Further, different neural responses 
and gray matter volume densities were observed 
in the area responsible for the choice evaluation 
and reward processing called the orbital frontal 
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cortex in adults exposed to urbanicity [52]. This 
suggests that research investigating and interpret- 
ing the relationships of poverty, cognition, and 
the brain is in need of a life span perspective. 

There are two competing neurobehavioral 
decision systems models that influence decision- 
making: impulsive decision systems and execu- 
tive decision systems. An impulsive decision 
system encodes immediate reinforcers, and an 
executive decision system inhibits impulses and 
prefers long-term outcomes [53]. Some studies 
claim that low SES might be connected with a 
less effective decision system, and the balance 
between the two systems collapses [40]. The 
functional and structural brain changes in low 
SES support the idea of two competing decision- 
making systems. A meta-analysis revealed hypo- 
activity of the frontoparietal/cinguloopercular 
executive networks both across age and as a func- 
tion of age [40]. Hypoactivity of these executive 
networks reflects the lack of efficient executive 
abilities in individuals with low SES. 

The meta-analysis also found the hyperactiv- 
ity of the right caudate nucleus both across age 
and as a function of age, which is an area within 
the anterior striatum associated with stimulus— 
action—reward-associative learning [40]. Other 
regions that showed increased gray matter vol- 
ume in low SES individuals were the orbital fron- 
tal cortex, dorsal lateral prefrontal cortex, and 
hippocampus, key regions of the reward circuit. 
Left orbital frontal cortex is associated with the 
ability to assign value and pleasure to stimuli, 
facilitating decision-making process [54]. The 
left dorsal prefrontal cortex is associated with 
volitional risky decision-making activity. When 
facing uncertain decisions, the hippocampus is 
sensitive to approach—avoidance conflict process- 
ing [55]. 

In summary, low SES tends to decrease execu- 
tive function and increase reward-related func- 
tion. Due to the scarcity of resources, the balance 
between the impulsive decision system and the 
executive decision system is damaged accord- 
ingly. Low SES makes individuals pay more 
attention to immediate rewards, affecting the 
decision-making process. It is worthwhile to 
explore how reward-related biases (e.g., delay 


discounting bias, framing bias) and the corre- 
sponding reward-related brain regions are 
affected by SES. In addition, additional media- 
tors, including early life stress, fear of learning, 
neglect, urbanicity, environmental toxins, nutri- 
tional deficiencies, and exposure to other hostile 
environmental factors, may also contribute to the 
decision-making process in low SES. 
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Abstract 


The normal aging process brings changes in 
brain structure, function, and energy metabo- 
lism, which are presumed to contribute to the 
age-related decline in brain function and cog- 
nitive ability. This chapter aims to summarize 
the aging patterns of brain structure, function, 
and energy metabolism to distinguish them 
from the pathological changes associated 
with neurodegenerative diseases and explore 
protective factors in aging. We first described 
the normal atrophy pattern of cortical gray 
matter with age, which is negatively affected 
by some neurodegenerative diseases and is 
protected by a healthy lifestyle, such as phys- 
ical exercise. Next, we summarized the main 
types of age-related white matter lesions, 
including white matter atrophy and hyperin- 
tensity. Age-related white matter changes 
mainly occurred in the frontal lobe, and white 
matter lesions in posterior regions may be an 
early sign of Alzheimer’s disease. In addition, 
the relationship between brain activity and 
various cognitive functions during aging was 
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discussed based on electroencephalography, 
magnetoencephalogram, and functional mag- 
netic resonance imaging. An age-related 
reduction in occipital activity is coupled with 
increased frontal activity, which supports the 
posterior—anterior shift in aging (PASA) the- 
ory. Finally, we discussed the relationship 
between amyloid-fB deposition and tau accu- 
mulation in the brain, as pathological mani- 
festations of neurodegenerative disease and 


aging. 
Keywords 


Brain aging - Structural and functional 
change - Posterior—anterior shift 


7.1 Cortical Gray Matter Atrophy 


in Aging 


Gradual gray matter atrophy with aging can be 
potentially caused by various reasons, for exam- 
ple, the loss of neurons and the decrease of syn- 
aptic spines and synapses. Many factors, such as 
age and neurodegenerative diseases, affect gray 
matter atrophy, whereas some other factors are 
protective and slow down the brain atrophy 
process. 
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7.1.1 Normal Atrophy of Cortical 


Gray Matter with Aging 


As verified in cross-sectional and longitudinal 
studies, the whole-brain volume decreases sig- 
nificantly with age, with an annual shrinkage rate 
of the whole brain volume of less than 1%, as 
verified in cross-sectional and longitudinal stud- 
ies [1-4]. The specific shrinkage rate varies 
among different studies. A study reported an 
annual whole brain shrinkage rate of 0.32% [2], 
while another study reported a rate of 0.56% [1]. 
The pattern of brain atrophy also differs among 
studies. In a cross-sectional study, brain volume 
decreased linearly with age [3], while a longitu- 
dinal study reported a significant increase in the 
atrophy rate after the age of 70 [2]. The rate of 
atrophy also varies in different brain regions. A 
previous study [1] shows that the temporal lobe 
exhibits the highest annual atrophy rate, followed 
by the occipital and parietal lobes, and the frontal 
lobe shows the lowest atrophy rate. In particular, 
a significant relationship between the decrease in 
temporal lobe volume and the decline in cogni- 
tive ability has been reported [5]. 


7.1.2 The Pathological Processes 
Affect the Atrophy of Gray 
Matter during Aging 


Neurodegenerative diseases, characterized by a 
gradual loss of neuronal structure and function, 
including Parkinson’s disease, Alzheimer’s dis- 
ease (AD), and multiple lateral sclerosis, will 
accelerate the atrophy of gray matter. Chen et al. 
[6] analyzed the density of gray matter (similar to 
the volume of gray matter, indicating the possi- 
bility of gray matter at a certain voxel) by mea- 
suring the density of gray matter in 37 patients 
with Parkinson’s disease and 21 healthy controls. 
The gray matter density in the frontal, temporal, 
parietal, bilateral cerebral areas, and other areas 
of cognitively normal patients with Parkinson’s 
disease was significantly lower than that in the 
control group; patients with Parkinson’s disease 
presenting a mild cognitive impairment displayed 
more severe atrophy in areas such as the left hip- 
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pocampus an insula. In addition, Alzheimer’s dis- 
ease [7], Lewy body dementia [8], and multiple 
lateral sclerosis [9] also cause abnormal atrophy 
of gray matter. 

Atrophy of the cerebral cortex has been 
reported in abnormal cognitively impaired sub- 
jects. Driscoll et al. [10] studied a pattern of 
abnormal volume changes in mild cognitive 
impairment based on a longitudinal aging cohort. 
They found that the subjects with mild cognitive 
impairment had faster volume changes in the 
whole brain, cerebrospinal fluid, temporal lobe, 
and orbitofrontal-temporal cortex (including 
hippocampus). 


7.1.3 Protective Factors for Gray 
Matter Atrophy 


A good lifestyle slows gray matter atrophy. 
Meditation is one of the most popular factors that 
has been studied. A systematic review in 2017 
confirmed the role of meditation in slowing gray 
matter atrophy [11]. In terms of specific studies, 
researchers found larger volumes of the left hip- 
pocampus [12] and the orbitofrontal cortex in the 
meditation group [13]. In addition, some 
researchers have found that physical exercise 
slows down the rate of change in gray matter vol- 
ume. Erickson et al. [14] reviewed related studies 
and indicated that performing more physical 
activities is associated with larger gray matter 
volumes, including the prefrontal cortex and 
hippocampus. 

Gray matter atrophy is a normal phenomenon 
in the process of human aging. Some neurode- 
generative diseases affect this process and shift 
this pattern from the normal aging process. 
However, lifestyle changes and physical exercise 
can slow the process of gray matter atrophy. 


7.2 Age-Related Changes 


in White Matter 


White matter, which is generally composed of 
bundled myelinated or unmyelinated axons and 
myelin-producing glial cells and other cell types, 
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occupies approximately 50% of the total cerebral 
volume in humans [15]. White matter plays 
important roles, such as information transmission 
and network construction. Studies using diffu- 
sion tensor imaging (DTI) showed that white 
matter microstructural alterations in neurodegen- 
eration are related to tissue degeneration (i.e., 
axonal damage and demyelination) and excessive 
extracellular fluid [16-19]. Age-related changes 
in white matter are very common. Next, we 
intend to summarize the main types of age-related 
white matter damage, differences in age-related 
white matter damage between brain regions, and 
the relationship between white matter changes 
and cognitive decline. 


7.2.1 Main Types of Age-Related 


White Matter Lesions 


White matter lesions (WMLs), caused by chronic 
cerebral hypoperfusion, are frequently observed 
in older adults and are closely related to cognitive 
decline. WMLs mainly include axonal loss and 
demyelination. Chronic diseases, such as hyper- 
tension [20], diabetes, and hyperlipidemia, have 
been shown to increase the WMLs. Common 
types of WMLs include white matter atrophy and 
hyperintensity. 


7.2.1.1 White Matter Atrophy 
Previous studies have linked the functional 
decline in aging brains with a significant progres- 
sive neuronal loss in gray matter. However, sub- 
sequent studies documented only a 10% loss in 
the total number of neurons in the cortex of both 
sexes from 20 to 90 years of age [21], and the 
association with age-related cognitive decline 
was not strong. In contrast, normal aging led to a 
28% reduction in the white matter volume, and 
age-related white matter changes were associated 
with functional impairments, such as sensorimotor 
cognitive impairments and mental disorders. 
Therefore, the changes in white matter are asso- 
ciated with more severe neurobehavior and cog- 
nitive impairments during aging. 

In normal aging, white matter atrophy may 
begin later and progress more rapidly than gray 


matter atrophy, and the volume change of white 
matter generally follows an inverted u-shaped 
curve. Remarkably, white matter volume gradu- 
ally increased before 40 years of age, reaching 
the peak around 40-50 years of age, and rapidly 
declined after 60 years of age [22]. One study 
indicated that white matter volume increased 
before the age of 40 years and thereafter declined 
at an annual rate of 0.5%, which was accelerated 
after 70 years of age [23]. Further, another study 
found that white matter volume in a person 
70 years old was only reduced by approximately 
6% compared to persons of 30 years of age, but 
declined by as much as 25% in persons 80 years 
of age. Thus, white matter volume loss could be 
considered as a feature of more advanced age. 


7.2.1.2 White Matter Hyperintensity 

White matter hyperintensities (WMHs) are com- 
mon in old people, even those without any appar- 
ent disease [24], and the association between 
WMHs and vascular risk factors in nondemented 
older adults is well established. In the general 
population, the prevalence of white matter hyper- 
intensities ranges from 11% to 21% in adults 
aged around 64 years to 94% at the age of 
82 years [25]. White matter hyperintensities are 
more common and more extensive in patients 
with cardiovascular risk factors and symptomatic 
cerebrovascular disease. Hypertension and a 
decreased normalized peak expiratory flow rate 
are the principal predictors of deep white matter 
hyperintensities in non-diabetic subjects [26]. A 
longitudinal study [27] reported that childhood 
intelligence and brain white matter hyperintensi- 
ties could predict fluid intelligence at the age of 
78—81 years, which suggests that the WMH level 
or burden would affect cognitive decline. 


7.2.2 Differences in Brain Regions 
of White Matter Age-Related 
Damage 


Age-related changes in white matter volumes dif- 
fer by brain region and exhibit a roughly anterior- 
to-posterior gradient pattern: the age-related 
changes in frontal volume were more significant 
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than those in posterior regions. A study with a 
large sample size of nondemented elderly per- 
sons investigated age-related changes in tract- 
specific diffusion characteristics in 25 tracts 
using probabilistic tractography and reported the 
loss of microstructural organization in the asso- 
ciation, commissural, and limbic tracts [28]. 
Some studies found that the bilateral frontal lobe 
is the most vulnerable region in the brain, while 
the occipital lobe shows a slower decline in white 
matter volume [22], suggesting that the myelina- 
tion occurs last in the frontal lobe, while it starts 
earlier in the occipital lobe. In the frontal lobe, 
the myelin sheath is thinner, the repair mecha- 
nism is less efficient, and oligodendrocytes are 
prone to metabolic changes. 

Fractional Anisotropy (FA), a measurement 
from diffusion tensors, indicates white matter 
integrity. Compared with young people, the fron- 
tal lobes of the elderly showed a broad decrease 
in FA, including the orbitofrontal cortex, the 
genu of the corpus callosum, forceps major, and 
the anterior corona radiata of the prefrontal cor- 
tex, as well as the middle and superior temporal 
gyri and posterior parietal cortex [29]. Moreover, 
the pattern of fractional anisotropy changes in 
frontal lobes was consistent with the reduced 
frontal white matter volume. It increased white 
matter hyperintensities of older adults reported in 
other studies [30, 31]. 

The observed interaction effect between aging 
and brain regions on changes in the white matter 
showed that the effect of aging on the white mat- 
ter differs among regions. The temporal and 
occipital lobes showed significant age-related 
changes in white matter, but the effect was much 
smaller than that observed in the frontal lobes 
[32]. Selected striatal regions also showed age- 
related decreases in the white matter volume [33, 
34]. 

Notably, patients with early dementia show 
little or no change in white matter in the anterior 
region and greater deterioration in the posterior 
region [22]. The dissociation between the 
regional effects of age and dementia status sug- 
gests a relation between AD and age-associated 
cognitive decline. 
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7.2.3 The Relationship between 
Changes in White Matter 
and Cognitive Function 


White matter lesions in different areas of the 
brain may lead to deficits in different cognitive 
functions. For example, lesions in the frontal lobe 
are responsible for several cognitive impairments 
in the speed of information processing, visual- 
motor function, verbal fluency, classification, and 
mental sequences. 

The decline of several frontal functions is 
related to white matter lesions in the frontal lobe 
[35]. Ziegler et al. found episodic memory was 
related to the integrity of white matter in the tem- 
poral and parietal lobe [29]. In addition, subcorti- 
cal white matter lesions are mainly correlated 
with depression in the elderly [36], whereas peri- 
ventricular white matter lesions are mainly 
related to cognitive decline. Thus, the age-related 
impairments in specific cognitive capacities may 
arise from degenerative processes that affect the 
underlying connections of their respective neural 
networks. 

In summary, various macrostructural changes in 
the white matter have been identified during nor- 
mal aging, and these changes are presumed to con- 
tribute to the age-related decline in brain function. 
Even during healthy aging, elderly individuals also 
develop white matter lesions, such as white matter 
hyperintensities, and white matter lesions in poste- 
rior regions may be an early sign of AD. 


7.3 Electroencephalogram 
and Magnetoencephalogram 


Recordings during Aging 


Over the last decade, electroencephalography 
(EEG) and magnetoencephalogram (MEG) have 
emerged as noninvasive alternative techniques 
for the study of AD and aging that compete with 
more expensive neuroimaging tools, such as MRI 
and positron emission tomography (PET). At the 
same time, EEG and MEG have excellent tempo- 
ral resolution and good spatial resolution, and 
thus they have been widely used in research on 
aging mechanisms and treatments. 
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7.3.1 Electroencephalogram 


Recordings 


EEG is a method of recording brain activity 
using electrophysiological indicators. During 
brain activity, many neurons synchronously 
generate the sum of postsynaptic potentials. 
EEG records changes in electrical waves during 
brain activity and reflects the overall electro- 
physiological activity of brain nerve cells on the 
surface of the cerebral cortex or scalp. The com- 
plexity of EEG signals reflects the irregularity 
of waveform and dynamics and is affected by 
healthy aging, as well as brain dysfunction such 
as AD. 

Oscillations of the alpha frequencies are prob- 
ably mainly affected by the aging process. In the 
process of physiological aging, posterior cortical 
alpha rhythms decrease with both linear and non- 
linear trends [37], and rhythm changes are asso- 
ciated with global cognitive levels [38]. The 
median frequency, peak frequency, and alpha-to- 
theta ratio of resting-state EEG measured in pre- 
frontal regions also decrease with the reduction 
in the global cognitive score of elderly individu- 
als [39]. Compared with healthy older adults, the 
peak alpha frequency is significantly decreased 
in the posterior region of the brain in individuals 
with mild cognitive impairment and positively 
correlates with hippocampal volume (a common 
marker for early structural AD-related damage) 
[40]. Alpha source abnormalities are also helpful 
for the early detection of cognitive impairment 
and discrimination of healthy elderly people 
from patients with cognitive impairment and 
dementia [41, 42]. 

Some studies have suggested that EEG theta 
activity might indicate early abnormal degenera- 
tive changes in the brain. In cognitively healthy 
elderly subjects, cerebral spinal fluid (CSF) 
T-tau, P-tau, and the combined P-tau/AB42 ratio 
are correlated with relative EEG theta power, 
especially in the posterior quadrants, and which 
is correlated with slowing of cognitive speed 
[43]. Interestingly, in addition to some early stud- 
ies showing that the sleep rhythm changes of 
patients with early AD were related to episodic 


memory disorders [44], a recent study showed 
that frontotemporal synchronous theta tuning 
stimulation could improve the performance of 
working memory in the elderly [45]. These stud- 
ies on the physiological basis of age-related cog- 
nitive impairment provide insights for future 
non-drug interventions aiming at cognitive 
decline. 


7.3.2 Magnetoencephalogram 
Recordings 


In recent years, MEG has been widely used to 
study healthy aging and pathological aging. Due 
to its excellent temporal resolution, MEG pro- 
vides valuable information about the temporal 
dynamics of age-related brain function in cogni- 
tive neuroscience models of aging that other neu- 
roimaging techniques are unable to provide. 

Some research studies using MEG have 
focused on explaining age-related memory defi- 
cits—a major feature of aging. Interference 
from new items onto old memories (retroactive 
interference) affects accuracy in older adults to 
a greater extent than in young adults when per- 
forming an interference-based working memory 
recognition task. Additionally, MEG results 
revealed decreased neural activity in the poste- 
rior frontal, temporo-occipital, and superior 
parietal lobes of the elderly. Based on this result, 
age-related deficits in inhibitory mechanisms 
that reduce the ability to suppress irrelevant 
information are associated with under-recruit- 
ment in a high-interference task [46, 47]. 
Another study showed that elderly adults gener- 
ate enhanced prefrontal activity during the 
encoding process of an episodic memory task 
compared to younger adults [48]. Thus, the acti- 
vation of the brain compensation mechanism 
occurs in the coding process of the elderly, indi- 
cating that the elderly require more executive 
control resources in the coding process of work- 
ing memory to obtain sufficient performance on 
the task. 

Other studies using MEG revealed deviations 
in brain oscillations in patients with AD and cog- 
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nitive impairment. Patients with AD showed an 
increased MEG dipole density in delta and theta 
bands, and increased low-wave activity in tempo- 
roparietal regions is associated with cognitive 
and daily life functional declines [49]. 
Furthermore, the left hippocampal volume is 
related to the left temporal and parietal delta 
dipole density and the left temporal theta dipole 
density. Additionally, combining the left hippo- 
campal volume and the left temporal theta dipole 
density accurately distinguishes patients with AD 
from healthy controls [50]. Another study com- 
pared the oscillatory brain activity of patients 
with the amnestic mild cognitive impairment 
(MCI) subtype with the relative power values of 
MEG data. Increases in relative power in lower 
frequency bands (delta and theta frequency 
ranges) and decreases in power values in higher 
frequency bands (alpha and beta frequency 
ranges) were observed in the MCI groups com- 
pared to the control group. In addition, different 
spectral distributions were noted between groups, 
as individuals with MCI showed smaller fre- 
quency peaks and broader frequency bands. 


7.4 Functional MRI Studies 
of Brain Activation in Aging 
7.4.1 Changes in Task-Related Brain 


Activation Change during 
Aging 


Aging is associated with functional activation 
alterations in the human brain as functional mag- 
netic resonance imaging (fMRI) has been used to 
clarify neural activity. Compared with younger 
adults, older adults perform more poorly on a 
variety of motor, perceptual, and cognitive tasks, 
and the decline of cognitive abilities is related to 
brain activation. 


7.4.1.1 Memory Task fMRI Studies 

A number of studies have investigated the effects 
of age on memory functions [51] and reported 
altered activation in several brain regions of older 
subjects compared with younger subjects, 
although performance levels were comparable in 
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both groups [52-54]. Many recent neuroimaging 
studies have assessed verbal memory. Young 
adults showed increased activity in the left and 
right prefrontal cortex during coding and 
retrieval, respectively [55], and older adults 
showed reduced prefrontal activation during both 
coding and retrieval [56]. Increased prefrontal 
activity may help older adults perform tasks ade- 
quately. In the aging brain, these increased task- 
related activations reflect compensatory 
complementation of additional pathways that 
have a positive impact on task performance [57— 
59]. For example, Cabeza and his colleagues [60] 
found an increased prefrontal activation only in 
those older subjects that performed as well as 
young adults during recall and source memory of 
recently studied words. There is increasing evi- 
dence that age-related differences in brain activa- 
tion during various cognitive tasks may reflect 
compensatory recruitment of cortical units 
required to produce the same performance. 

Little is known about the brain function of 
older people, despite the rapid growth of the 
elderly population in developed countries and its 
vital public health importance. One interesting 
study [61] investigated brain response to a spe- 
cific memory task in healthy participants over the 
age of 90 years compared with healthy younger 
elderly participants. The task led to activation in 
the posterior temporal, posterior frontal, and 
parietal cortices in older adults. However, it was 
more intense in younger participants, particularly 
in the right hippocampus, temporal, and parietal 
cortices. Despite significant low activation and 
brain atrophy, the phenomenon of relatively 
maintained performance can be explained by the 
cognitive reserve theory, which may be specific 
to successful aging in older adults. 


7.4.1.2 Motor Task fMRI Studies 

Normal aging is generally associated with 
decreased motor performance. Studies have 
reported more extended activation patterns in the 
elderly despite the identical performance of hand 
movements compared with young controls [62, 
63]. In fact, only tasks of increasing complexity 
provide insights into the functional significance 
of age-related differences in movement represen- 
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tation [64, 65]. Another study [66] documents 
that during the execution of a simple paced motor 
task, the older the subject, the less lateralized the 
primary motor cortex (M1) activation balance. As 
a result, activation increases bilaterally, suggest- 
ing that motor performance requires bilateral M1 
recruitment in the aging brains. These findings 
indicate a tendency for the aging brain to reduce 
its functional lateralization, perhaps from less 
efficient transcallosal connections. 

The attractive compensatory hypothesis may 
meet its limitation when explaining other brain 
functions, such as the motor system. One study 
found that shorter response times on visually 
cued motor tasks (i.e., better performance) were 
positively correlated with the degree of activation 
of the motor system in older adults [67]. Other 
studies suggested that although young and older 
people perform the same performance tasks, 
older people have a broader pattern of activation 
during hand movements [62]. Another result [68] 
indicates that age-related brain activation pat- 
terns within the motor system are independent of 
functional needs and do not fully reflect the neu- 
robiological changes of reorganization to com- 
pensate for aging. 


7.4.1.3 Other Task-Based fMRI Studies 
Age-related hyperactivation of frontal and pari- 
etal regions and hypoactivation of occipital 
regions have been observed in a variety of tasks, 
such as attention, visual perception, language 
processing, and emotion processing [69], as well 
as the memory tasks and motor tasks described 
above. A meta-analysis of brain activation across 
multiple cognitive domains [70] reported greater 
activation in the prefrontal regions in older adults 
and greater activation in occipital regions in 
younger adults. 


7.4.2 The Posterior—Anterior Shift 
in Aging (PASA) Theory 


Before the era of functional imaging, behavioral 
methods and interpretive logic of clinical 
neuropsychology-guided brain-based theories of 
cognitive aging assumed that minimal age differ- 


ences in behavioral performance infer minimal 
alterations in underlying cognitive mechanisms. 
However, with the development of PET and 
fMRI, which enabled researchers to measure 
neural activity patterns during cognitive process- 
ing, some authors [71, 72] discovered that the 
assumption that cognitive aging is a process of 
progressive mental loss that is linear throughout 
life is incomplete or even erroneous. 

PASA was first proposed by Grady et al. [71] 
in a PET study that explored the relationship 
between position and face perception. In both 
cases, older adults showed less activity in the 
occipitotemporal regions than younger adults, 
but more activity in anterior regions such as the 
prefrontal cortex (PFC). This work suggested 
that older adults used anterior regions to compen- 
sate for sensory information processing deficits 
in occipitotemporal regions [71]. Over the last 
two decades, numerous fMRI studies have 
detected the PASA pattern in cognitive function 
in several cognitive domains, including visual 
perception [73, 74], attention [58, 75], visuospa- 
tial processing [76, 77], working memory [54, 
78], episodic memory encoding [79, 80], and epi- 
sodic memory retrieval [58, 81]. A consistent 
finding from functional neuroimaging studies of 
cognitive aging is that an age-related reduction in 
occipital activity is coupled with increased fron- 
tal activity. Although not all studies have detected 
age-related increases in frontal activity [55, 74, 
82], the PASA pattern is nonetheless a well- 
established aging phenomenon in the functional 
neuroimaging literature. 

The PASA shift is often described as compen- 
satory recruitment of prefrontal regions due to 
age-related sensory-processing deficits in poste- 
rior regions. However, age is associated with both 
spatial and temporal shifts in recruitment, as 
younger and older adults recruit the same neural 
region at different points in a task trial. The 
results reported by Ford [83] suggested that the 
oft-reported posterior—anterior shift may not 
reflect the inability of older adults to engage in 
sensory processing, but rather a change when 
they recruit regions responsible for this process- 
ing. Evidence from the region of interest (ROI) 
and functional connectivity analyses suggests 
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that these posterior regions function in compara- 
ble ways during search and elaboration processes, 
contributing to overall memory vividness ratings 
and interacting with similar neural networks. 
Critically, these findings suggest that the poste- 
rior—anterior shift does not reflect an overall fail- 
ure of older adults to engage posterior regions 
during cognitive tasks, but rather a delay in 
engagement that has not been captured by prior 
designs. Dew et al. [84] proposed that this effect, 
called the “early-to-late shift in aging” (ELSA), 
might not be specific to specific regions or cogni- 
tive tasks, but rather a universal feature of aging. 
Specifically, ELSA can be detected in different 
neural regions based on the specific demands of 
cognitive tasks, which helps explain several age- 
related differences reported in the cognitive neu- 
roscience literature. 


7.5 Brain Amyloid and Tau 
Accumulation in Normal 
Aging 

7.5.1 Amyloid-f in the Aging Brain 


The National Institute on Aging—Alzheimer’s 
Association (NIA-AA) Research Framework has 
proposed the amyloid protein as a crucial vivo 
biomarker of AD [85]. Amyloid-B (AB) deposi- 
tion is the earliest pathological change among a 
series of neurodegenerative events that eventu- 
ally lead to clinical symptoms and dementia [86, 
87]. Ten to thirty percent of cognitively normal 
elderly individuals have Af deposition in their 
brains, and the prognosis of these individuals is 
worse than that of those with no AB deposition 
[88]. Therefore, studies are investigating whether 
AB deposition in the brain is a part of normal 
aging or an early response to the neurodegenera- 
tive disease. Further clarifying the relationship 
between AB and normal aging is necessary. 

AB is distributed differently in the brains of 
normal elderly individuals and patients with 
AD. An Af-atrophy correlation was observed 
both in cognitively normal older adults and 
patients with MCI/AD, but was detected in dif- 
ferent regions. In cognitively healthy elderly 
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individuals, an AfP-atrophy correlation was 
almost exclusively observed in the entorhinal 
cortex [89-92]; in contrast, in patients with MCI/ 
AD, an Af-atrophy correlation mainly existed in 
the medial and lateral temporal lobes [93, 94]. 
The selective lack of an AB-atrophy correlation in 
the medial temporal lobe during normal aging 
may be the key mechanism to understanding AD 
progression. 

Weak relationships between Af deposition 
and cognition have been shown in aging. 
Although some elderly people show a signifi- 
cantly increased AB burden, but still maintain 
normal cognitive function [95, 96], others show a 
slight cognitive decline over time or even unde- 
tectable changes until approximately 4 years later 
[97, 98]. The inconsistency of the effect of AB on 
cognition may be due to the region or sequence of 
AB deposition. Af deposition was initially 
detected in the medial frontal and parietal corti- 
ces, followed by the lateral temporal lobe [99]. 
The elderly in the early stages of AB accumula- 
tion exhibit intact cognition may be contributed 
to the fact that lesions targeting the temporal lobe 
tend to produce intractable memory problems, 
increasing the likelihood of cognitive impair- 
ment, whereas lesions in other parts of the cere- 
bral cortex are less directly related to memory 
problems and more easily remedied. 

Af is associated with AD risk factors in cogni- 
tively normal individuals. Rowe and colleagues 
[100] found that 18% of cognitively normal 
adults aged 60-69 years were Af-positive, but 
this value increased to 65% in individuals aged 
over 80 years. Even in healthy individuals who 
were Af-negative, AB deposition was linearly 
correlated with age when the age range was wide 
from 23 to 80 years [101]. AB deposition appears 
inevitable, even in healthy older adults [102]. The 
ApoF4 status, another genetic AD risk factor, 
plays a crucial role in generating a higher AB bur- 
den. In normal adults, the AB burden is associated 
with the ApoE status, with significantly higher 
AB deposition observed in ApoF4 allele carriers 
than in noncarriers [103, 104], especially in the 
temporoparietal regions [105]. Individuals with a 
family history of AD are more likely to have a 
higher AB burden [106]. In addition, environmen- 
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tal/acquired factors affect AB deposition or regu- 
late the relationship between brain AB and 
cognition, such that cognitive reserve mitigates 
the adverse effects of AB on neuropsychological 
performance [107], and physical activity and 
cognitive involvement decrease brain amyloid 
deposition in cognitively normal APOE4-positive 
individuals [108]. 


7.5.2 Tau in the Aging Brain 


Tau pathology, another biomarker of AD, also 
occurs in normal cognitive aging. Normal aging 
is related to the pathological accumulation of tau 
in the medial temporal lobe and its assembly into 
neurofibrillary tangles (NFTs), particularly in the 
perirhinal and entorhinal cortex, even in the 
absence of AB [109]. This phenomenon is called 
“primary age-related tauopathy” (PART), a com- 
mon pathology associated with human aging, and 
individuals with PART usually show symptoms 
ranging from normal to amnestic cognitive 
changes, with only a few showing severe impair- 
ments [110]. 

Tau accumulation is the most commonly 
observed phenomenon in the entorhinal cortex 
and is typical of Braak stages I/II and spread 
stepwise to the basal and lateral temporal, infe- 
rior parietal, posterior cingulate, and other asso- 
ciation cortices consistent with Braak stages III/ 
IV, and then ultimately to the primary cortical 
regions, consistent with Braak stages V/VI [111, 
112]. NFTs are universal in the brains of older 
adults; approximately 47% of cognitively normal 
elderly individuals have moderate or frequent 
neuritic plaque scores in all Braak stages [113], 
and a significant number of individuals (approxi- 
mately 20%) do not develop AD, although they 
may have tau pathology early in life [109]. 

However, other studies suggest that compared 
with AB, tau, a downstream product of AD pathol- 
ogy, is not as common in normal older adults. 
Additionally, tau production is generally accom- 
panied by cognitive decline or impairments in the 
brain structure and function. In cognitively nor- 
mal adults, tau pathology in the medial temporal 
lobe (MTL) is associated with episodic memory 


performance and MTL atrophy [114]. Tau pathol- 
ogy in the entorhinal cortex is associated with 
frontal hypometabolism [115]. Tau deposits are 
also associated with functional hypoconnectivity 
in the aging brain [116]. Therefore, when high- 
density tau accumulation is associated with some 
cognitive deficits and brain lesions, the disorder 
should attract our attention, which may be tangle- 
predominant senile dementia (TPSD) [117] or 
“tangle-only dementia” [118]. 
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Abstract 


Despite recent substantial progress in neurosci- 
ence, the mechanisms and principles of the 
complex structure, functions, and the relation- 
ship between the brain and cognitive functions 
have not been fully understood. The modeling 
method of brain network can provide a new 
perspective for neuroscience research, and it is 
possible to provide new solutions to the related 
research problems. On this basis, the research- 
ers define the concept of human brain connec- 
tome to highlight and emphasize the importance 
of network modeling methods in neuroscience. 
For example, using diffusion-weighted mag- 
netic resonance imaging (dMRI) technology 
and fiber tractography methods, a white matter 
connection network of the whole brain can be 
constructed. From the perspective of brain 
function, functional magnetic resonance imag- 
ing (fMRI) data can build the brain functional 
connection network. A structural covariation 
modeling method is used to obtain a brain 
structure covariation network, and it appears to 
reflect developmental coordination or synchro- 


F. Sang - K. Xu - Y. Chen (>) 

State Key Laboratory of Cognitive Neuroscience and 
Learning, Faculty of Psychology, Beijing Normal 
University, Beijing, China 


Beijing Aging Brain Rejuvenation Initiative (BABRI) 
Centre, Beijing Normal University, Beijing, China 
e-mail: chenyaojing @bnu.edu.cn 


© Springer Nature Singapore Pte Ltd. 2023 


nized maturation between areas of the brain. In 
addition, network modeling and analysis meth- 
ods can also be applied to other types of image 
data, such as positron emission tomography 
(PET), electroencephalogram (EEG), and mag- 
netoencephalography (MEG). This chapter 
mainly reviews the research progress of 
researchers on brain structure, function, and 
other aspects at the network level in recent 
years. 


Keywords 


Brain connectome - Cognitive aging - White 
matter network - Default mode network 


8.1 Brain Structural Morphology 
Network Based on Magnetic 


Resonance Imaging (MRI) 


Brain structural networks have been determined 
based on the similarity in gray matter morphol- 
ogy between brain areas measurement using 
structural MRI and structural covariance net- 
works. The vertex of a structured covariance net- 
work is usually defined by the region of interest 
(ROI) in a priori brain parcellation atlases (such 
as the Desikan Killiany atlas) [1]. The edge of the 
network is defined by the correlation between the 
measures (such as cortical thickness) of two ROIs 
obtained from MRI data processing. 
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In 2007, He et al. [2] used the cortical thick- 
ness of gray matter as a measurement tool to con- 
struct a structural network of the brain and found for 
the first time that the structural covariance net- 
work of humans is a “small-world” network [3]. 
Modularity was also identified in the network in 
subsequent studies [4]. In addition to the cortical 
thickness, researchers also used other gray matter 
measures to construct the corresponding gray mat- 
ter structure covariance network. Bassett and col- 
leagues [5] constructed a gray matter volume 
covariance network of 259 subjects. The network 
had hierarchical structural characteristics, while the 
network topology pattern of patients with schizo- 
phrenia was abnormal and was characterized by a 
hierarchical decrease. Sanabria-Diaz and col- 
leagues [6] used the surface area of gray matter to 
construct a structural covariance network of the 
brain and found small-world attribution of the net- 
work. Additionally, researchers [7] constructed a 
structural covariance network of the brain using the 
annual rate of change in cortical thickness in a 
longitudinal cohort of 108 subjects. This network 
has similar global and node topology properties 
to the other structural covariance networks. 

Changes in the gray matter structural covari- 
ance network might be an early marker and diag- 
nostic marker of some cognitive diseases. In 
elderly individuals who complain about subjec- 
tive memory complaints (SMC), the amyloid 
aggregation is associated with gray matter mor- 
phology covariance network measures (such as 
the clustering coefficient and small-world prop- 
erties). Even among the young to middle-aged 
adult group, gray matter covariance network dis- 
ruption has been linked to a risk of developing 
Alzheimer’s disease (AD) in the future [8]. This 
evidence suggests that gray matter structural 
covariance networks differ decades before the 
potential onset of dementia or cognitive aging. A 
longitudinal study showed lower small-world 
coefficient values were associated with a steeper 
decline in most cognitive domains, including 
memory, attention, executive function, visuospa- 
tial function, and language. Lower betweenness 
centrality values correlated with a faster reduc- 
tion in the Mini-Mental State Examination 
(MMSE) score and memory at a regional level. 
These associations were specific to the precuneus, 
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medial frontal, and temporal cortex [9]. In con- 
trast to anatomical studies of specific areas of the 
brain, imaging-related structures between the 
regions have the potential to reveal the pathology 
of cognitive impairment in elderly individuals at 
the network level. For example, atrophy in AD 
may target areas of the default-mode network, a 
group of anatomical areas characterized by their 
relatively intrinsic solid activity when the brain is 
in a resting state, since these regions may be vul- 
nerable due to their high metabolic load [10]. 

Besides, inter-regional correlation patterns in 
SMC or patient populations are also altered com- 
pared with inter-regional correlation patterns in 
healthy people. The most remarkable associations 
were in orbito- and dorsolateral frontal and pari- 
eto-occipital regions in SMC [11]. For AD indi- 
viduals, the researchers found the correlation of 
cortical thickness was decreased between bilat- 
eral parietal regions and was increased between 
bilateral temporal, parietal cortex, cingulate, and 
medial frontal cortex [12]. They also found the 
nodal centrality reduced in the temporal area and 
raised in the parietal heterometal association cor- 
tex and the occipital cortex regions. Thus, the 
extensively altered covariance pattern of cortical 
morphology provides structural evidence for the 
destruction of the integrity of the cognitive brain 
networks in patients with AD. 

Although structural covariance networks have 
a certain consistency in some aspects [7], many 
studies have suggested that structural covariance 
networks constructed with different gray matter 
structure measures have different attribution [6]. 
Thus, different morphology measures reflect the 
limited characteristics of the gray matter struc- 
ture. Therefore, more comprehensive studies of 
structural covariance networks may be required 
in the future. 


8.2 Changes in White Matter 
Structural Networks 
in the Brain During Cognitive 


Aging 


The microstructural changes of cerebral white 
matter (WM) can be quantified with diffusion 
tensor imaging [13]. As mentioned before in 
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Chap. 7, the volume and integrity of WM decrease 
with aging, which is also associated with cogni- 
tive declines in cognitive domains such as pro- 
cessing speed and memory. WM integrity is 
associated with cerebrovascular disease and neu- 
rodegenerative disorders. In this section, we will 
focus on the age-related WM changes in meso- 
scale, WM structural networks, as well as the 
impact of WM alterations on brain function. 


White Matter Structural 
Networks in the Brain Change 
with Aging 


8.2.1 


With our understanding of cognition and the 
brain, people have realized that the integrity of 
brain function depends not only on local brain 
areas but also on the integration and communica- 
tion between them. The anatomical organization 
of the brain can also be approached from the per- 
spective of complex networks. One can use the 
topological properties of this network to describe 
and evaluate the shape and organization patterns 
of brain networks, such as efficiency, “small- 
world,” and rich-club organization [14]. In WM 
structural networks, the nodes are often defined 
as brain regions, while the edges are defined as 
WM connections between nodes. 

In general, aging is related to atrophy in both 
gray matter and WM, as well as deterioration of 
WM fiber pathways. Reduced communication 
between regions in the brain network indicates 
disrupted WM pathways and a reduced ability 
to transfer information effectively, which 
affects the efficiency of communication within 
and between networks [15]. For example, Gong 
and colleagues [16] investigated WM connec- 
tivity patterns in a sample of 95 cognitively 
normal subjects ranging from 19 to 85 years old 
and found that WM structural networks exhib- 
ited a “small-world” character that allows effi- 
cient information transfer at both the local and 
global scales. When considering the age effect, 
changes in the underlying network organization 
resulted in decreased local efficiency (e.g., how 
well the information is communicated within 
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the cerebral cortex), but preserved overall 
global efficiency. This result suggests the dif- 
ferential decline and relative preservation of 
specific regional anatomical connections in the 
aging brain. For regional efficiency, the results 
exhibited a clear shift from the parietal and 
occipital neocortices to the frontal and tempo- 
ral neocortices, which indicated a putative com- 
pensation mechanism for cortical network 
reorganization in aging. Similar results have 
also been found by Zhao and colleagues [17] 
when the age-related alterations in the topology 
of WM structural networks in a cohort of 137 
healthy subjects ranging from 9 to 85 years old 
were examined. Their results showed that there 
was an inverted U-shaped trajectory effect of 
age on connectivity, with the efficiency peak at 
around 33 years old and decreasing in older 
age. In addition, they also found that lower rich 
clubs (e.g., high-degree nodes of a network 
tend to be more densely connected among 
themselves than expected by chance) organiza- 
tion in older adults, which is characterized by 
fewer hub regions and connections in the fron- 
tal lobe. In a larger sample of 342 healthy 
elderly with a narrow age range from 72 to 
92 years old, Wen and colleagues [18] also con- 
firmed these age-related connectivity changes, 
as the brain global structural network efficiency 
and regional efficiency of many cortical regions 
were negatively associated with age. 


8.2.2 The Effect of Brain Changes 
in White Matter Structural 
Networks Changes and Brain 
Function 


The effects of topological properties on brain 
function also attracted scientists’ interest. As 
reflected in WM structural networks, the organi- 
zation of brain regions, which is the basis of 
information communication, is associated with 
cognitive performance. For example, the higher 
efficiency of the organization of the brain struc- 
ture is significantly correlated with intelligence 
[19]. Wen and colleagues [18] found a positive 
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association between global effectivity and cogni- 
tive performance in healthy elderly individuals, 
including processing speed, visuospatial ability, 
and executive function, regardless of age, sex, 
and years of education. Furthermore, neuroana- 
tomical connectivity has been segregated to 
explain specific cognitive functions. Higher 
regional connectivity efficiency in almost all cor- 
tical regions is associated with higher processing 
speed. For the visuospatial domain, fewer core 
regions have been identified, including the fron- 
tal lobe, cingulate cortex, insular cortex, and left 
parietal region. Executive performance is signifi- 
cantly correlated with more excellent regional 
connectivity of the superior frontal gyrus, poste- 
rior cingulate cortex, and left superior parietal 
cortex. 

Patients with AD [20] exhibit an increased 
shortest path length, decreased global efficiency, 
and reduced nodal efficiency predominantly 
located in the frontal regions compared with con- 
trols, implying an abnormal topological organi- 
zation. These alterations in network properties 
are significantly correlated with behavioral per- 
formance. Further studies also confirmed that the 
abnormal topological organization had already 
emerged in the preclinical stage of AD [21, 22] 
and in individuals with subjective cognitive 
decline [23]. 

A disrupted brain connectivity architecture 
has also been observed in individuals with many 
other psychiatric and neurological disorders. 
Recently, network analysis revealed connections 
between central to global network communica- 
tion and integration to display more significant 
disturbances across disorders, including schizo- 
phrenia, bipolar disorder, attention deficit hyper- 
activity disorder, autism spectrum disorder, major 
depressive disorder, obsessive-compulsive disor- 
der, posttraumatic stress disorder, amyotrophic 
lateral sclerosis, primary lateral sclerosis, AD, 
and mild cognitive impairment (MCI) [24]. This 
result suggested general cross-disorder involve- 
ment and the importance of these pathways in 
normal function. Each disorder may involve a 
balance between disorder-specific and disorder- 
shared dysconnectivity. Thus, WM connectivity 
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may serve as a potential imaging biomarker for 
the early detection and progression of the afore- 
mentioned diseases. 


8.3 Functional Brain Network 


Functional Network Studies 
Based on fMRI 


8.3.1 


The human brain, a complex network system, 
comprises different regions. Each region has its 
own missions and functions. Examining aging in 
functional networks, as opposed to structured 
brain networks, might provide new insights into 
the exchange of information in the brain and 
closer associations with cognition. The applica- 
tion of the functional magnetic resonance imag- 
ing (fMRI) technique provided a powerful tool 
for the study of functional brain networks and 
indicated how information integration related to 
human behavior and how neurodegenerative dis- 
eases [25, 26] and aging [27, 28] might alter this 
organization. 


8.3.1.1 Resting-State fMRI 
and Functional Brain Network 

The majority of fMRI techniques use paramag- 
netic deoxyhemoglobin as an endogenous con- 
trast agent based on blood oxygenation 
level-dependent (BOLD) contrast, including 
resting-state fMRI [29]. The degree of temporal 
correlation produced by the time series of BOLD 
signals from some brain regions is called “func- 
tional connectivity”. Functional connectivity is 
defined as the temporal dependency of neuronal 
activation patterns of anatomically separated 
brain regions [30]. 

To date, neuroimaging studies have identified 
eight main functionally linked networks [31, 
32], including the parietal—frontal network, 
default mode network, salience network, execu- 
tive control network, motor network, visual net- 
work, and auditory network. Functional intrinsic 
connectivity networks (ICNs) [33, 34] are con- 
sidered as the functional foundation of advanced 
cognitive function and neurodegenerative dis- 
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ease [32, 35]. Raichle, M.E. et al. [10] illustrated 
the most frequently reported resting-state net- 
works, describing networks that show a high 
level of functional connectivity during rest. 
Changes in the functional connectivity of these 
ICNs are important neuroimaging characteristics 
in an elderly person [36]. 


8.3.1.2 Aging of the Default Mode 
Network 
The default mode network (DMN) is a unique 
network that prompted neuroimaging researchers 
to examine connections in resting-state brains. 
The cognitive neuroscientist who first began to 
use neuroimaging to investigate human brain 
function reported a serendipitous discovery: dis- 
tributed regions of the association cortex showed 
reduced activity when participants performed 
active attention-demanding tasks. The result is 
presented relative to their activity levels during 
passive conditions. The important discovery of 
the default network was reported in 2001 in a 
paper titled “A default mode of brain function” 
[37] that conducted a wide range of studies of 
unique networks of frontal and parietal lobes in 
the brain, which was subsequently defined as the 
default network. By 2020, over 3000 publications 
had been reported describing the DMN. 
Anatomically, the DMN consists of brain 
regions including the posterior cingulate cortex, 
precuneus, medial prefrontal, inferolateral pari- 
etal cortices, and medial temporal cortex. 
Reduced activity in this network, which was dis- 
covered using PET and generalized across 
numerous fMRI studies, was robustly detected 
within individuals, and parallels were observed 
in monkeys and rodents. The correlated sponta- 
neous activity fluctuations across regions within 
the DMN suggested that they formed an interact- 
ing network. Furthermore, researchers found 
increased activity in DMN regions during the 
internally constructed representations task, 
including remembering, envisioning the future, 
and masking social inferences. These functional 
observations suggested that the DMN is acti- 
vated, especially during advanced forms of 
human thought. 


103 


Increasing evidence suggests a role for coher- 
ent intrinsic brain activity in brain function. The 
DMN is mainly responsible for autobiographical 
memory retrieval, envisioning the future, and 
conceiving the perspectives of others [38, 39]. It 
is the most large-scale system generally recog- 
nized to be disrupted in individuals with AD [40]. 
The DMN also appears to be affected by aging. 
Previous studies have documented a less pro- 
nounced reduction of DMN activity during exter- 
nally driven cognitive tasks in old adults than in 
young adults [41, 42]. Reduced resting-state 
brain activity [43, 44] and functional connectiv- 
ity [45] of the DMN were observed in normal 
aging. Detailed high-resolution analyses suggest 
that the DMN comprises multiple interwoven 
networks [46]. 


8.3.1.3 Other Networks Involved 
in Aging 

The salience network (SN) is another network 
that is closely related to aging. SN-related cogni- 
tive functions, such as attention and cognitive 
control, decline rapidly during aging. The SN 
mainly consists of the dorsal anterior cingulate 
(ventral subsystem) and frontoinsular (dorsal 
subsystem) cortices [34, 47]. A  resting-state 
fMRI study showed that connectivity within the 
ventral subsystem of the SN increased with age, 
whereas connectivity within the dorsal subsys- 
tem decreased with age [48]. 

The executive control network (ECN) mainly 
consists of the dorsolateral prefrontal cortex and 
posterior parietal cortex and supports goal- 
oriented (or externally directed) cognition [49]. 
Dissociation between the ECN and DMN is 
observed in common forms of aging, and a com- 
pensatory effect on activation in ECN regions 
was observed [50]. 

Internetwork disconnection between the SN, 
ECN, and DMN occurs during aging, and this 
disconnection is associated with cognitive decline 
[51]. The SN mediates the “switching” between 
activation of the DMN and the ECN and guides 
appropriate responses to external stimuli [47]. 
Another study [52] used dynamic causal model- 
ing to assess directed connectivity within and 
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between these three critical networks. A canoni- 
cal correlation analysis revealed that the relation- 
ship between network connectivity and cognitive 
function is an age-dependent cognitive perfor- 
mance that relies on neural dynamics, and the 
correlation is more robust in older adults. 


8.3.1.4 Functional Brain Network 
Studies Using Graph Theory 

Graph theory (GT), which was originally derived 
from network science, has emerged as an effec- 
tive tool for investigating the changes in func- 
tional connectivity of the brain. The whole brain 
network can be abstracted as a set of nodes and 
edges. Through the combination of resting-state 
fMRI and GT techniques, functional networks of 
the human brain have been demonstrated to have 
robust topological organization over different 
scales and types of measurements, such as small- 
world and modular structures. In 2005, Salvador 
and colleagues [53], for the first time, built a 
brain functional network using GT with resting- 
state fMRI data from normal subjects (age: 
23—48 years). They used an a priori brain atlas 
(the automated anatomical atlas, AAL) to divide 
the brain into 90 regions and then calculated the 
BOLD signal of each participant to obtain the 
partial correlation coefficient between different 
brain regions. 

GT approaches have been used to explore the 
organization of the aging brains. More impor- 
tantly, some of these features exhibit specific 
changes associated with aging and various patho- 
logical conditions, which indicate the potential 
value of capturing and monitoring the brain orga- 
nization throughout a lifetime. Comparing groups 
of young and old participants, Achard and 
Bullmore [54] found that healthy aging was asso- 
ciated with a less efficient global network, 
whereas Meunier et al. [55] reported the restruc- 
turing of the overall modular organization of the 
aging brain. Roser Sala-Llonch et al. [56] 
reported that older participants showed lower 
connectivity strength for long-range connections, 
in other words, higher functional segregation, 
suggesting a more localized information process- 
ing. Also, the higher localization was related to 
the worse memory performance. Song et al. [57] 
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demonstrated the consistent regional alterations 
of network topological properties in elderly indi- 
viduals, especially in the DMN and the senso- 
rimotor network. Specifically, they found that 
regional connection strength, local and global 
efficiency of functional connectivity network was 
increased in the sensorimotor network with 
aging, while it is decreased in the DMN. 


8.3.2 Functional Brain Network 
Based on Other Neuroimaging 
Techniques 


Fluorodeoxyglucose PET (FDG—PET) measures 
glucose metabolism values in brain regions. The 
signals, such as the standard uptake value ratio 
(SUVr) of each region, are then converted into 
three-dimensional images. The connectivity 
between brain regions is analyzed using covari- 
ant network analysis. Metabolic network analy- 
ses have an advantage since they directly reflect 
neuronal activity, and thus metabolism is viewed 
as “the final fingerprint of functionality” [58]. 
However, only a few studies have investigated the 
association of metabolic connectivity and aging 
because of the limited availability of PET imag- 
ing data from healthy participants. Limited rele- 
vant research suggests that normal aging leads to 
a widespread loss of independent metabolic func- 
tion across the brain [59]. The fractal dimensions 
and heterogeneity are higher in most brain areas 
of elderly individuals [60]. In terms of network 
topology properties, older subjects have increased 
clustering and decreased efficiency and become 
more vulnerable to targeted attacks in the PET 
network [61]. Biochemical markers from FDG- 
PET, such as oxidative phosphorylation functions 
and efficiency and the Adenosine triphosphate 
(ATP)/Adenosine monophosphate (AMP) ratio, 
may predict the age of an individual with a low 
error rate [62]. 

EEG is another commonly used method to 
build a brain network through scalp surface elec- 
trodes that record the electrical activity of neuro- 
nal discharge in the brain. In an EEG network, 
electrodes are treated as network nodes, and cor- 
relations between signals recorded at these elec- 
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trodes are treated as network edges. EEG has a 
high temporal resolution, but the spatial resolu- 
tion of EEG is relatively poor, often on the centi- 
meter or even decimeter level. EEG has been 
widely used to study aging and neuropsychologi- 
cal diseases. Through network analyses, Miraglia 
et al. [63] reviewed studies assessing signs of 
aging and dementia in EEG. For example, Smit 
et al. [64] found that the connectivity revealed by 
EEG was more random in adolescence and old 
age. A decrease in small-world properties in older 
adults was also detected based on connectivity 
patterns [65]. Another recent study [66] found 
that the normalized characteristic path length 
showed the pattern “Young >Adult > Elderly” in 
the higher alpha band, and the elderly group also 
showed an increase in delta and theta bands. 
MEG measures the neuron post-synaptic 
potential produced by changes in the magnetic 
field, and the space positioning accuracy is up to 
2 mm. MEG has a substantial advantage in terms 
of a high temporal resolution (milliseconds), and 
the dynamic activity of brain function can be 
observed in real-time. MEG provides a direct 
measure of neuronal activity and bypasses these 
neurovascular coupling issues. Networks were 
revealed from large-scale correlation patterns in 
the slow fluctuations of the band-limited source 
envelope (i.e., power envelope correlation), par- 
ticularly in the a and p frequency bands, using 
MEG. In 2004, Stam et al. [67] used MEG for the 
first time to establish an undirected functional 
network in the brains of healthy subjects at differ- 
ent frequency bands under the condition of no 
task. In both the low frequency (<8 Hz) and high 
frequency band (>30 Hz) network structures, 
“small world” features exist, and intermediate 
frequency (8-30 Hz) rules of the network struc- 
ture are similar to the network. The differences 
between different frequency band network struc- 
tures show that the brain activity associated with 
different frequency bands may correspond to dif- 
ferent brain functions. The high-frequency and 
low-frequency bands of the “small world” net- 
work structure reflect the corresponding frequen- 
cies activated during the brain information 
processing process of optimization. Coquelet 
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et al. [68] used resting-state MEG and a connec- 
tome approach in carefully selected healthy 
young adults and elderly individuals. However, 
their results failed to support significant age- 
related differences in the « and 6 bands after the 
correction for multiple comparisons, both for 
static and dynamic resting-state functional con- 
nectivity. This result suggests that the electro- 
physiological connectome is maintained during 
healthy aging. Mandal and colleagues [69] 
recently reviewed MEG studies for brain func- 
tionality in healthy aging and AD. This review 
emphasized that MEG is helpful in bridging other 
electrophysiological measures, such as EEG, 
local field potential (LFP), fMRI, PET, and brain 
stimulation. 

At the end of this section, some essential 
information must be emphasized. As Miraglia 
et al. indicated in their review, “Further advance- 
ment is essential in each modality of imaging 
methods, but combinations of the different 
modalities could revolutionize our understanding 
of both structural and functional connectome.” 
[63] A variety of studies has provided different 
perspectives in this field, and only studies consid- 
ering and combining all these findings will pro- 
vide a complete picture for understanding the 
underlying mechanism. 
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Abstract 


Characterized by the gradual loss of physio- 
logical integrity, impaired function, and 
increased susceptibility to death, aging is con- 
sidered the primary risk factor for major 
human diseases, such as cancer, diabetes, car- 
diovascular disorders, and neurodegenerative 
diseases. The time-dependent accumulation of 
cellular damage is widely considered the gen- 
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eral cause of aging. While the mechanism of 
normal aging is still unresolved, researchers 
have identified different markers of aging, 
including genomic instability, telomere attri- 
tion, epigenetic alterations, loss of proteosta- 
sis, deregulated nutrient-sensing, 
mitochondrial dysfunction, cellular senes- 
cence, stem cell exhaustion, and altered inter- 
cellular communication. Theories of aging 
can be divided into two categories: (1) aging is 
a genetically programmed process, and (2) 
aging is a random process caused by gradual 
damage to the organism over time as a result 
of its vital activities. Aging affects the entire 
human body, and aging of the brain is undoubt- 
edly different from all other organs, as neu- 
rons are highly differentiated postmitotic 
cells, and the lifespan of most neurons in the 
postnatal period is equal to the lifespan of the 
brain. In this chapter, we discuss the con- 
served mechanisms of aging that may underlie 
the changes observed in the aging brain, with 
a focus on mitochondrial function and oxida- 
tive stress, autophagy and protein turnover, 
insulin/IGF signaling, target of rapamycin 
(TOR) signaling, and sirtuin function. 
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Characterized by the gradual loss of physiologi- 
cal integrity, impaired function, and increased 
susceptibility to death, aging is considered the 
primary risk factor for major human diseases, 
such as cancer, diabetes, cardiovascular disor- 
ders, and neurodegenerative diseases. The time- 
dependent accumulation of cellular damage is 
widely considered the general cause of aging. 
While the mechanism of normal aging is still 
unresolved, researchers have identified different 
markers of aging, including genomic instability, 
telomere attrition, epigenetic alterations, loss of 
proteostasis, deregulated nutrient-sensing, mito- 
chondrial dysfunction, cellular senescence, stem 
cell exhaustion, and altered intercellular commu- 
nication [1]. Theories of aging can be divided 
into two classes: (1) aging is a genetically pro- 
grammed process, and (2) aging is a random pro- 
cess caused by gradual damage to the organism 
over time as a result of its vital activities [2]. 

Aging affects the entire human body, and 
aging of the brain is undoubtedly different from 
all other organs, as neurons are highly differenti- 
ated postmitotic cells, and the lifespan of most 
neurons in the postnatal period is equal to the 
lifespan of the brain [3]. In this chapter, we dis- 
cuss the conserved mechanisms of aging that 
may underlie the changes observed in the aging 
brain, with a focus on mitochondrial function and 
oxidative stress, autophagy and protein turnover, 
insulin/IGF signaling, target of rapamycin (TOR) 
signaling, and sirtuin function. 

9.1 Genomic Instability 

One common characteristic of aging is the accu- 
mulation of genetic damage over a lifetime. The 
integrity and stability of DNA are constantly 
threatened by exogenous chemical, physical, and 
biological agents, as well as endogenous intimi- 
dations, including DNA replication errors, reac- 
tive oxygen species (ROS), and spontaneous 
hydrolytic reactions. 

Genetic damage caused by external or internal 
damage is highly diverse. This damage includes 
point mutations, translocations, gains and losses 
of chromosomes, shortening of telomeres, and 
gene destruction due to virus or transposon inte- 
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gration. In addition, in response to direct damage 
to DNA, defects in the nuclear architecture, 
which are also called laminopathies, can cause 
genome instability and lead to premature aging 
syndromes [4]. To minimize this damage, organ- 
isms have evolved an advanced DNA repair sys- 
tem or stability system that can selectively deal 
with most of the lesions that occur on nuclear 
DNA. Genomic stability systems also include 
specific mechanisms that maintain the proper 
length and function of telomeres and ensure the 
integrity of mitochondrial DNA (mtDNA). 


9.1.1 DNA Damages 
Comparisons between young and old tissues 
from several species based on transcriptional 
microarrays have identified age-related genetic 
changes that encode key components of inflam- 
matory, mitochondrial, and lysosomal degrada- 
tion pathways. The age-dependent accumulation 
of somatic DNA mutations has been noted in 
single human postmitotic neurons from the pre- 
frontal cortex and hippocampus [5]. 

mtDNA has been considered the main target 
of aging-associated somatic mutations. Mutations 
and deletions in mtDNA in elderly individuals 
can cause diverse human mitochondrial diseases 
and are also heavily involved in aging and age- 
associated diseases. mtDNA damage is also one 
of the signs of brain aging as the result of the oxi- 
dative microenvironment in mitochondria. 
mtDNA lacks protective histones, and the 
mtDNA repair mechanism is less efficient than 
that of nuclear DNA. Owing to the diversity of 
mitochondrial genomes, the causal relationship 
of mtDNA mutations in aging has been conten- 
tious. The mitochondrial genome allows mutant 
and wild-type genomes to coexist in the same 
cell, which is called “heteroplasmy.” Although 
the overall level of mtDNA mutations is low, the 
mutation load of individual senescent cells is still 
significant and may be in a homoplasmy state, 
where the mutant genome dominates the normal 
genome [6]. Interestingly, recent studies in mice 
have indicated that most somatic mtDNA muta- 
tions in senescent cells appear to be caused by 
replication errors during the early developmental 
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period rather than by accumulated damage, such 
as oxidative damage, in adult life. These muta- 
tions may undergo polyclonal expansion and 
induce respiratory chain dysfunction in different 
tissues [7]. Studies on accelerated aging in HIV- 
infected patients treated with antiretroviral drugs 
may affect mtDNA replication, which has sup- 
ported the phenomenon of clonal amplification of 
mtDNA mutations that originate early in life [8]. 
The first evidence that mtDNA damage might be 
important for aging and age-related diseases was 
obtained by identifying multisystem disorders in 
humans, that is, phenotypic aging partially 
caused by mtDNA mutations [9]. Further causal 
evidence came from studies of mitochondrial 
DNA polymerase y-deficient mice, which exhib- 
ited premature aging and reduced lifespan in 
association with cumulative random point muta- 
tions and deletions in mtDNA [10, 11]. Cells 
from these mice exhibited impaired mitochon- 
drial function, but surprisingly, it was not accom- 
panied by an increase in ROS production [12]. 
Future studies are necessary to determine whether 
genetic manipulations that can reduce mtDNA 
mutational load are able to prolong lifespan. 


9.1.2 RNA Alterations 


Since aging is associated with aberrant produc- 
tion and maturation of many mRNAs, the spot- 
lighted nature of age-related gene expression 
may uncover potential biomarkers for aging. In a 
large-scale transcriptomic microarray study on 
human peripheral blood leukocytes to detect 
in vivo RNA, the mRNA levels of CCR6 (chemo- 
kine receptor 6), CCR7 (chemokine receptor 7), 
and CD27 genes were found to be associated 
with age. This was supported by the observation 
of age-associated disruption to the balance of 
alternatively expressed isoforms in selected 
genes, suggesting that modified mRNA process- 
ing may be a characteristic of human aging [13]. 
A-to-I editing is an adenosine-to-inosine modifi- 
cation of mRNA particularly widespread in the 
human brain, where it affects thousands of genes. 
A growing amount of evidence suggests that 
A-to-I RNA editing is necessary for normal 
development and maintenance in mammals and 
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that deficiencies in A-to-I RNA editing contribute 
to a number of pathological states. The mRNA 
editing levels of CYFIP2, which is implicated in 
synaptic maintenance, exhibit an age-dependent 
statistically significant decrease [14]. 

Several common genetic signatures of aging, 
including 56 genes, are consistently overex- 
pressed with aging. The most well-known gene is 
apolipoprotein D (APOD), and another 17 genes 
are under-expressed with aging, characterizing 
the biological processes associated with these 
signatures and changes in age-related gene 
expression. The most notable changes included 
the overexpression of inflammation and immune 
response genes and genes associated with the 
lysosome. An under-expression of collagen genes 
and genes associated with energy metabolism, 
particularly mitochondrial genes, as well as alter- 
ations in the expression of genes related to apop- 
tosis, cell cycle, and cellular senescence 
biomarkers, were also observed. By employing a 
new method that emphasizes the sensitivity of 
genome detection, more research work will fur- 
ther reveal transcriptional changes that occur 
with age in many genes, processes, and functions 
that were previously unknown. These molecular 
signatures may reflect a combination of degener- 
ative processes and transcriptional responses to 
the process of aging. Altogether, they may reveal 
how transcriptional changes relate to the process 
of aging and could serve as targets for future 
studies [15]. 

Nucleolar shrinkage during aging may repre- 
sent the decreased transcription of ribosomal 
RNA (rRNA) cistrons and the assembly of ribo- 
somes as a change in gene regulation [16]. A dif- 
ferent mechanism suggests that there could be a 
30-50% age-related loss of rRNA genes in DNA 
[17]. Tandemly repeated sequences, such as 
rRNA cistrons, are hypothesized to be at risk for 
excision, as Classically observed for the Bar locus 
of Drosophila. Thus far, little is known about the 
roles in which noncoding RNAs (ncRNAs) play 
in age-dependent memory decline. There are sev- 
eral possible scenarios for age-dependent control 
of memory by ncRNAs. MicroRNAs (miRNAs) 
have the potential to affect complex networks of 
genes, which provide translational control and 
affect mRNA stability. Since many miRNAs 
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exhibit developmental patterns of expression, it is 
reasonable to imagine that age-dependent 
changes occur in the miRNA constitution of 
cells, which in turn affect the protein environ- 
ment. The targeting of sarco/endoplasmic reticu- 
lum Ca% ATPase type 2 (Serca2) protein levels 
represents one of the first known examples of 
age-dependent regulation of a target by miRNAs 
[18]. The control of miRNAs by aging genes, 
such as the deacetylase gene S/RT/, and interac- 
tions of miRNAs with the age-dependent 
N-methyl-p-aspartic acid receptor (NMDAR) 
pathway suggest that many more miRNA path- 
ways may be critical in the aging brain. In addi- 
tion, the complement of miRNAs may differ not 
only with aging in individual cells level but also 
subcellular regions, which adds more variables 
for future research. Antisense long noncoding 
RNAs (IncRNAs) might target the transcription 
of specific genes that are important for memory 
in an age-dependent model [19]. Discoveries of 
ncRNAs in aging enlighten the future of the 
molecular neuroscience of aging. 


9.2 Proteostasis 

Proteostasis is the compilation of cellular mecha- 
nisms that are involved in maintaining the 
homeostasis of the proteome, which includes the 
building and recycling of human proteins to avoid 
misfolding and aggregation of damaged and dys- 
functional polypeptides that may compromise 
cellular resilience [20]. The proteostasis network 
consists of all types of autophagy, the ubiquitin- 
proteasome system (UPS), and the unfolded pro- 
tein response (UPR) in the endoplasmic reticulum 
(ER) [21]. The loss of any components in this 
network may lead to protein aggregation and pro- 
teotoxic effects. Studies have already demon- 
strated that the ability of cells to maintain 
proteostasis deteriorates with aging, and non- 
native protein aggregates and inclusions have 
been found in almost all tissues in aged organ- 
isms [22]. This aggregation and accumulation of 
misfolded proteins is the principal cause of some 
common age-associated diseases in humans, 
which primarily include neurodegenerative dis- 
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eases, such as Alzheimer’s disease (AD) and 
Parkinson’s disease (PD). The hallmark of all 
these diseases is the consistent occurrence of 
detergent-insoluble protein inclusions and aggre- 
gates in the nucleus and cytoplasm of neurons 
[23]. 


9.2.1 Autophagy 

Autophagic degradation of aggregated proteins 
or organelles begins with the formation of a dou- 
ble membrane enveloping the damaged, aggre- 
gated protein or organelle to form an 
autophagosome, which is transported to the lyso- 
some, where membrane fusion leads to the for- 
mation of the autophagolysosome. Endocytosis 
of the contents in the autophagosome into the 
acidic interior of the lysosome leads to proteo- 
lytic degradation of those proteins. 
Autophagolysosomes release degraded peptides, 
amino acids, and other biomolecules for reuse 
[24]. Proteostasis, including autophagy and pro- 
teasome activity, decreases with aging [25]. 
Various types of interventions support the idea 
that reducing the proteotoxic load during aging 
can prolong lifespan. In mammals, studies are 
just beginning to appear to promote proteasome 
or autophagy activity by overexpressing protea- 
some subunits or essential autophagy genes, 
thereby extending lifespan and conferring resis- 
tance to stress. For instance, overexpression of 
the essential autophagy gene Atg5 in the whole 
body of mice revealed an anti-aging phenotype 
and a lifespan extension of approximately 20% 
[26]. Interestingly, in experimental models, most 
of the interventions that slow aging are associ- 
ated with improved proteostasis, and these inter- 
ventions demonstrated autophagy activation in 
many cases. For example, calorie restriction, 
metformin, rapamycin, resveratrol, and spermi- 
dine, which are well known for their ability to 
prolong lifespan or health span, have all been 
proven to activate autophagy directly [27]. 
Because at least some of these interventions can 
also influence proteostasis through their effects 
on chaperone levels and protein synthesis, the 
contribution of autophagy activation to their 
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overall impact on longevity is still being investi- 
gated [28]. 


9.2.2 The Ubiquitin-Proteasome 
System (UPS) 


Damaged proteins are polyubiquitinylated by 
ubiquitin ligase enzymes E1, E2, and E3. An ini- 
tial ubiquitin molecule binds to the damaged pro- 
tein or organelle through this process and is 
repeated to form a polyubiquitinylated chain. 
Polyubiquitinylated damaged proteins are 
selected for degradation by the 26S proteasome 
prior to entering the 19S cap. These proteins must 
be deubiquitinylated by the enzyme ubiquitin 
carboxy-terminal hydrolase L1 (UCHL1) first, 
one ubiquitin residue at a time. The deubiquiti- 
nylated, damaged protein is degraded by protein- 
ases in the 20S portion of the 26S proteasome, 
while small peptides are ejected by the bottom 
19S portion of the 26S proteasome and then 
degraded by soluble peptidases into individual 
amino acids for reuse [29]. 

Proteasomal activity in mammals declines 
during aging. With the declined proteasomal 
function, oxidatively damaged proteins (20S sub- 
strates) and polyubiquitinated proteins (26S sub- 
strates) increase [30]. The enrichment of 
undegraded substrates may be due to the lowered 
activity of the UPS or intracellular accumulation 
of severely oxidized and covalently cross-linked 
protein aggregates (lipofuscin) [31]. These struc- 
tures are still recognized as proteasomal sub- 
strates and are found to be massively 
polyubiquitinated, but they are very resistant to 
proteolytic degradation and, therefore, divert pro- 
teasomal activity from substrates which are still 
degradable. Furthermore, the decline of proteoly- 
sis and the improved production of ROS in aged 
cells lead to increased formation of lipofuscin 
[32]. 

Molecular chaperones are small proteins that 
assist natural polypeptide chains in folding into 
functional protein structures. The most important 
chaperones are heat-shock family (HSF) pro- 
teins, which play a central role in the proteostasis 
network (PN) and can be broadly grouped into 
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five families: heat-shock protein 70 (HSP70), 
HSP90, Hsp70/Hsp40 (also called DnaJ pro- 
teins), chaperonin/HSP60, and small HSP (sHSP) 
families. Chaperones can act alone or in combi- 
nation with different cochaperones to regulate 
protein interactions, folding, disaggregation, 
degradation, and trafficking within the cell [33]. 
The transcriptional expression of these chaper- 
ones is upregulated by cellular stress, including 
heat shock. 

A number of studies on several animal models 
support the causative impact of chaperone decline 
on lifetime. Transgenic worms and flies overex- 
pressed Hsp22 chaperones display longer longev- 
ity [34]. Moreover, mutant mice deficient in 
heat-shock family cochaperones exhibit acceler- 
ated aging phenotypes, while long-lived mouse 
strains show that some heat-shock proteins mark- 
edly upregulated [35]. The transcription factor 
HSF1 is considered a master regulator of the heat- 
shock response in mammalian cells, which is 
transcriptionally increased in response to 
increased levels of unfolded proteins [23]. 
Furthermore, the downregulated expression level 
of molecular chaperones, alteration of protea- 
some activity, and disruption of stress responses 
have been observed in senescent rodent tissues 
and aged human cells [36-38]. Additionally, an 
investigation of chaperone and cochaperone gene 
expression level in young (36 + 4 years of age) 
and aged (73 + 4 years of age) human brain tissue 
revealed that among 332 genes examined, 101 are 
significantly suppressed by age, including HSP70, 
HSP40, HSP90, and TRiC genes. Moreover, 62 
chaperone genes, including several small HSPs, 
were found to be significantly induced, likely 
resulting from the cellular response to protein 
damage accumulated with aging [39]. 


9.2.3 The Unfolded Protein 
Response (UPR) 
in the Endoplasmic Reticulum 
(ER) 


The ER is a multifunctional organelle with many 
functions, such as protein folding, lipid synthe- 
sis, calcium storage, and calcium release. The ER 
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is directly involved in protein synthesis because 
its lumen contains a high concentration of chap- 
erones that can detect unfolded protein products 
and promote their folding. The number and activ- 
ity of key molecular chaperones and folding 
enzymes decrease with age, which compromises 
appropriate protein folding and the adaptive 
response of the UPR [40]. Interference with ER 
homeostasis leads to the misfolding of proteins, 
which could become a type of ER stress and lead 
to the upregulation of a signaling pathway called 
the ER stress response. ER stress can be pro- 
voked by various physiological conditions, 
including disturbances in calcium homeostasis, 
glucose deprivation, redox changes, hyperhomo- 
cystinemia, ischemia, viral infections, and muta- 
tions, which can impair protein folding. 

The ER stress is also known as UPR, which is 
relevant to chaperones associated with ER stress 
and is usually induced by an elevation in the lev- 
els of misfolded proteins or Ca” in the ER lumen. 
The primary features of the UPR are activation of 
chaperones, degradation of misfolded proteins, 
and reduction of protein translation. Misfolded 
proteins are toxic and interfere with normal cel- 
lular functions, especially under proteotoxic 
stress. Thus, molecular chaperones, UPS, and 
autophagy together promote misfolded proteins 
to be refolded or cleared [41]. 

Cells have evolved an adaptive coordinated 
response to limit the accumulation of unfolded 
proteins in the ER. On the cellular level, the 
adaptive mechanism of the UPR triggers three 
kinds of protective cellular responses to limit 
protein load and alleviate ER stress: (1) upregula- 
tion of ER chaperones, such as immunoglobulin 
binding protein (BiP)/glucose-regulated proteins 
78 (GRP78), to assist in protein refolding [42]; 
(2) degradation of misfolded proteins by the pro- 
teasome in a process called ER-associated 
degradation (ERAD) [43]; and (3) attenuation of 
protein translation mediated by the serine- 
threonine kinase PERK (PKR-like endoplasmic 
reticulum kinase), which can phosphorylate 
translational initiation factor eIF2a, accordingly 
reducing translation [44]. When these strategies 
unsuccessfully adapt, ER-initiated pathway sig- 
naling is activated by activating NF-K«B, a tran- 
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scription factor that induces genes that encode 
mediators of host defense [45]. Excessive and 
prolonged stress leads to a maladjustment 
response and apoptosis [46]. 

As described above, the BiP level is critical 
for proper folding and protein quality control 
(PQC), and BiP expression decreases with age. 
BiP protein levels exhibit an age-associated 
decline in brain tissue; there is a 30% reduction 
in BiP in the cerebral cortex of aged C57/B6 
mice (22-24 months old) compared to that in 
younger mice (3 months old) [47]. Both BiP 
mRNA and protein expression are decreased in 
the hippocampus of 23—26-month-old Wistar rats 
compared to 4—6-month-old rats [48]. The age- 
related BiP decline at the transcript and protein 
levels affects the efficiency of protein folding and 
ER homeostasis. 

Formation of the PQC compartments is an 
active process including chaperones, ubiquitina- 
tion, and sorting factors that interact with cellular 
structures, such as nuclear membrane, ER net- 
work, and cytoskeleton. ATP-dependent molecu- 
lar chaperones which belong to the Hsp70, 
Hsp90, and Hsp110 families have been demon- 
strated to be important for refolding and degrada- 
tion of misfolded or stress-denatured proteins 
[49]. However, these proteins have complex roles 
that may vary between disease states, and a better 
understanding of their clinical application is 
required [50]. 


9.3 Calcium Homeostasis 

Calcium is a ubiquitous second messenger in 
cells, and calcium levels are strictly regulated in 
neurons through complex homeostatic mecha- 
nisms. Cellular Ca™ homeostasis plays a key 
regulatory role in many neuronal physiological 
aspects, including growth and differentiation, 
action potential properties, synaptic plasticity, 
and learning and memory [51]. Abnormal Ca** 
regulation and altered Ca” sensitivity in neurons 
are involved in the aging process. Alterations in 
Ca** dynamics may make aging neurons more 
vulnerable to neuronal death following seizures, 
stroke, or head trauma. The brains of aged rodents 
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exhibited different levels of age-dependent Ca** 
dysregulation, including increased cytoplasmic 
Ca% ([Ca**]cyt), elevated Ca** influx through 
voltage-gated Ca** channels (VGCCs), exagger- 
ated agonist-induced ER Ca’ release through 
inositol 1,4,5-trisphosphate receptors (InsP3R) 
and ryanodine receptors (RyRs), impaired com- 
petence of mitochondrial Ca** recycling, and 
attenuated store-operated Ca™ entry (SOCE) 
[52-55]. Raza first determined that basal [Ca]; 
levels in middle-aged neurons are significantly 
higher than those in young neurons. Because of 
glutamate stimulation and subsequent [Ca”*]; 
load, middle-aged neurons took longer to remove 
the excess [Ca]; than young neurons, which 
directly indicates that altered Ca** homeostasis 
might be present in animals at significantly 
younger ages (12-16 months) than commonly 
considered ages (> or = 24 months). Elucidating 
the function of the Ca”* homeostasis mechanism 
may provide insights into the neuronal loss that 
increases with aging and allow the development 
of new therapeutic agents that target the reduc- 
tion in [Ca**], levels, repairing and maintaining a 
steady state of Ca** homeostasis in the aged neu- 
rons [54]. 

Ca** influx via L-type voltage-gated Ca” 
channels (LTCCs) is a major source of Ca” 
involved in Ca™ dysregulation during aging, and 
Ca?*-induced Ca”* release (CICR) enhances cyto- 
plasmic Ca** levels in aging. CICR is mediated 
by RyRs in the ER, which release increased Ca” 
in response to Ca** influx via plasmalemmal 
channels. This process also leads to the loss of 
input specificity, which is an electrophysiological 
biomarker of aging that can be prevented by 
blocking LTCC or restraining CICR [56]. CICR 
enhances the inflow of Ca**, thereby increasing 
the concentration of Ca™ to drive Ca**-dependent 
functions. As changed precise adjustment leads 
to Ca™ imbalance, in the aging process, CICR 
further amplifies the already increased source of 
LTCC Ca”* and leads to an imbalance of Ca”* [57, 
58]. 

Synaptic plasticity in all kinds of excitatory 
and inhibitory synapses is dependent on postsyn- 
aptic Ca** release. Accumulating evidence indi- 
cates that any dysregulation of Ca™ homeostasis 
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can lead to dramatic changes in synaptic and neu- 
ronal integrity [59]. Landfield and Pilter showed 
for the first time that Ca** levels are elevated in 
aged brains, and that in aged brains, Ca’*- 
dependent K* conductance and the resulting 
afterhyperpolarization (AHP) were increased 
[60]. 

Since the increase in Ca™ levels is a consistent 
characteristic of aging hippocampal neurons, it 
may be an important factor leading to increased 
hippocampal vulnerability, AD, and other neuro- 
degenerative diseases. Hypotheses explaining 
changes in excitatory synaptic function that occur 
during aging feature the idea that Ca?’ dysregula- 
tion in aged CA1 neurons destroys the circuit 
dynamics of aged pyramidal cells. The change in 
intracellular Ca” level homeostatic control in old 
rats is related to changes in gene expression [61], 
which explains many observed age-associated 
plasticity deficits of CA3-CA1 Schaffer collat- 
eral synapses in vitro and accounts for the 
decrease in behaviorally induced plasticity in the 
CA1 of awake-behaving old rats [62]. Moreover, 
neuronal therapeutic treatments of related gene 
expression, which can alter intracellular Ca% lev- 
els, improve neuronal plasticity [63, 64] and cog- 
nition in aged animals [65, 66]. Aged CA1 
pyramidal cells have higher Ca** conductivity 
due to the higher density of L-type Ca”* channels 
[58], which may lead to disrupted Ca** homeo- 
stasis that primarily contributes to age-associated 
plasticity deficits [67]. Furthermore, it has been 
speculated that postsynaptic intracellular Ca’ 
levels are involved in setting the synaptic modifi- 
cation curve, which determines the possibility of 
synapses being inhibited or potentiated for a 
given input mode [68]. If Ca?* homeostasis is dis- 
rupted in aged animals, then it is likely that the 
probability for a given synapse to be inhibited or 
potentiated will also be altered accordingly [58, 
67]. 

Increased cytoplasmic Ca** has also been 
found in APP processing and tau phosphoryla- 
tion. Ca% disruption may underlie the impaired 
misfolded protein removal, leading to the accu- 
mulation of amyloid plaques and tangles [69, 
70]. Calcium ion channels have been proposed to 
have a significant role in maintaining lysosomal 
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acidification. A previous study implicated the 
Ca” pore Mucolipin 1, which contributes to lyso- 
somal pH regulation [71], and loss of function of 
this channel causes mucolipidosis type IV, a dis- 
ease in which lysosomal pH is increased and cel- 
lular pathology including defective autophagy 
and prominent autolysosome accumulation [72, 
73]. A second lysosomal Ca’ channel, called two 
pore segment channel 2 (TPC2), may also regu- 
late lysosomal pH via a nicotinic acid adenine 
dinucleotide phosphate (NAADP)-dependent 
Ca?*/pH feedback mechanism, whereby calcium 
regulation and acidification of the lysosome are 
privately linked through the activity of these two 
pores, outwardly rectifying ion channels [74]. 
Altered calcium signaling is connected to the 
enzymatic activity of y-secretase, as neurons 
expressing mutant presenilin, which forms a cat- 
alytic subunit of the APP-cleaving enzyme 
y-secretase, appear to have weak capacitive cal- 
cium entry, which is also known as store-operated 
calcium entry capabilities [75]. AB interaction 
with the plasma membrane leads to increased 
intracellular Ca** concentrations ([Ca**],) and 
elevated vulnerability of neurons to excitotoxic- 
ity [76], and oligomeric forms of AB42 cause 
Ca**-mediated toxicity in cultured cells [77]. 
Many mutations in presenilin, which cause famil- 
ial AD (FAD), increase the production of the long 
aggregation-prone form of AB (AB42) or reduce 
the production of a short soluble form (AB40); 
therefore, one way in which presenilin mutations 
may disturb neuronal Ca™ homeostasis is by 
increasing the AB42:AB40 ratio and activating AB 
oligomer-mediated mechanisms [78]. 
Understanding Ca** homeostatic mechanisms 
will allow us to develop novel therapeutic agents 
that target Ca** levels and restore plasticity and 


function by maintaining normal Ca* 
homeostasis. 
9.4 Neural Regulators 


9.4.1 Neural Transmitter 


The central nervous system (CNS) is responsible 
for maintaining the metabolism and function of 
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each organ. Age-related changes in the CNS may 
affect the regulation of other additional nervous 
systems and their aging process. Synapses are 
functional units of neuronal networks in the brain 
and therefore underlie the functional changes of 
synapses with aging [79]. 

With possible mechanisms to be explored, 
acetylcholine released from synapses was found 
to decline in the aging brain [80]. During the 
aging phase, the release of acetylcholine from 
synaptosomes induced by depolarization is sig- 
nificantly reduced, which may be due to the 
decreased production of acetylcholine. Gibson 
and Peterson reported that the synthesis of ace- 
tylcholine decreases in brain tissue slices from 
old rats using radiolabeled precursors [81]. 
However, their method only focused on labeled 
tracers and may have missed the unlabeled ace- 
tylcholine portion of mitochondria derived from 
unlabeled acetyl-CoA from mitochondria. It was 
believed that the decrease in acetylcholine release 
from aging synapses was due to dysfunction of 
the release mechanism rather than a decline in 
acetylcholine synthesis [82]. However, the cho- 
line acetyltransferase activity and the content of 
acetylcholine in synaptosomes may actually 
remain constant from childhood to old age, as 
Tanaka’s more convincing experiments deter- 
mined the total amount of acetylcholine using an 
electrochemical detector and showed that both 
the production rate of acetylcholine and the con- 
tent of acetylcholine in synaptosomes remained 
unchanged across all ages. 

Attenuated calcium influx through voltage- 
gated calcium channels is thought to reduce the 
release of acetylcholine in elderly synapses [82]. 
Tanaka further investigated the age-related con- 
tribution of each voltage-gated calcium channel 
to depolarization induced by calcium influx into 
synapses and found that the density of calcium 
channels in the synaptic plasma membrane 
changed. They found that the relative contribu- 
tion of different types of calcium channels to the 
calcium influx caused by membrane depolariza- 
tion was determined by measuring the inhibitory 
effects of specific blockers on L-, N-, P-, and 
Q-type channels on calcium influx, with the 
effects of N- and P-type channels decreasing dur- 
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ing aging. The density of calcium channels on the 
aging synaptic plasma membrane was signifi- 
cantly reduced. These changes in voltage-gated 
calcium channels may cause an age-related 
decline in synaptic transmission [83]. 

The electrical excitability of the synaptic 
plasma membrane also modulates synaptic trans- 
mission. Resting-state membrane potential 
affects the release of neurotransmitters through 
voltage-gated calcium channels. The resting 
membrane potential measured in mouse cortical 
synaptosomes decreased by 10% in older age, 
and the decrease in membrane potential was con- 
sistent with the change in intrasynaptosomal 
potassium concentration [84]. Enzyme activity is 
known to be regulated partially by its lipid micro- 
environment [85], and among membrane phos- 
pholipids, only phosphatidylcholine decreased, 
and its changes were tightly correlated with 
changes in the activity of Nat, K*-ATPase [84]. 

A study of synaptophysin, which is located on 
the outer surface of synaptic vesicles, in brain 
areas of 3-, 12-, 24- and 33-month-old rats, 
including the frontal, occipital, temporal, ento- 
rhinal cortex, hippocampus, striatum, and cere- 
bellum, suggested that synaptophysin contents 
decrease in every region of the aged brain, and 
the largest reduction occurs in the occipital cor- 
tex [86]. Furthermore, the age-associated decline 
in synaptic transmission relates to the decreased 
density of synaptic vesicles. 

An age-associated decline in brain dopamine 
levels was first discovered in the basal ganglia in 
post-mortem human samples [87], and a later liv- 
ing dopamine imaging system was developed 
[88]. Positron emission tomography (PET) and 
single-photon emission computed tomography 
(SPECT) studies have mostly verified 
age-associated dopaminergic loss in autopsies, 
especially tracers targeting dopamine receptors 
or transporters. Interneuronal communication in 
the dopaminergic pathway is accomplished 
through dopamine. Dopamine receptors are pro- 
teins located in neuronal membranes. There are 
five subtypes of dopamine receptors in the brain, 
and according to their binding qualities, these 
receptors can be divided into two groups, named 
the D1-like and D2-like dopamine receptor fami- 
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lies. D1 and D5 receptors belong to the D1-like 
family, while D2, D3, and D4 receptors belong to 
the D2-like family [89], and the availabilities of 
both receptor families decrease with age. The 
availability of Dl-like receptors appears to 
decline in the human striatum, which is a region 
with high dopaminergic activity at a rate of 7% 
per decade of life [90, 91]. For the D2-like fam- 
ily, a consistent decrease with aging has been 
observed in the same region [92]. The dopamine 
transporter is a protein located in the membrane 
of the presynaptic neuronal terminal and is 
involved in dopamine reuptake. Several PET and 
SPECT studies have consistently demonstrated 
the age-related loss of dopamine transporter den- 
sity in the healthy brain, and the density of dopa- 
mine transporters in the striatum decreases by 
3-10% per decade [93, 94]. In addition, changes 
in serotonin (5-HT) signaling have been regarded 
as another leading factor in aging [95, 96]. 


9.4.2 Neuropeptide 


In the CNS, peripheral nervous system (PNS), 
and other surrounding tissues, NPY is one of the 
most abundant peptides [97]. NPY receptors, 
which are called NPY Y1, Y2, Y4, and Y5, are the 
same for all members of the NPY family and 
belong to the classic G-protein coupled receptors 
(GPCRs) [98]. The NPY system is related to the 
aging process: transgenic rats overexpressing 
NPY live longer [99], whereas NPY Y2-receptor 
knockout mice display memory deterioration, 
learning deficits, and cognitive function decline 
during the aging process [100, 101]. In elderly 
rodents and brain samples from people with neu- 
rodegenerative diseases, several specific brain 
regions were observed to have reduced levels of 
NPY and NPY receptors [102, 103]. 


9.4.3 Neurotrophic Factors 


Neurotrophic factors (NTFs) are diffusible pep- 
tides secreted from neurons and the cells support- 
ing them. They are essential to nervous system 
function since they regulate the development, 
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maintenance. and survival of neurons and cells, 
such as glial cells and oligodendrocytes. NTFs 
belong to several structurally and functionally 
associated molecule superfamilies: (1) the trans- 
forming growth factor (TGF)-superfamily, which 
includes glial cell line-derived neurotrophic fac- 
tor (GDNF); (2) neurotrophins, including nerve 
growth factor (NGF), brain-derived neurotrophic 
factor (BDNF), neurotrophin-3 (NT-3), and 
NT-4; (3) the neurokine superfamily; and (4) 
nonneuronal factors [104]. NTFs promote the 
survival of specific neuronal populations in terms 
of brain aging and neurodegenerative diseases 
[105]. 

The role of GDNF in aging is based on obser- 
vations that it can reverse some forms of aging 
performance, such as cognitive deficits and 
impaired motor function, in monkeys [106]. 
BDNF increases until reaching a maximal level 
after birth [107] and does not seem to decrease 
with age [108]. However, the role of BDNF in the 
aging brain still needs to be discussed. Evidence 
shows that BDNF concentration increases in the 
dentate gyrus of aged rats [109]. Meanwhile, in 
some other studies, no changes in BDNF levels 
were found in the rat hippocampus during the 
aging process, suggesting that alterations in 
BDNF receptors may occur during aging [110]. 
This speculation is strengthened by previous 
observations that BDNF administration did not 
prevent spatial learning impairments in aged rats 
[111]. 
9.5 Mitochondrial Dysfunction 
Considering the high metabolic demands and 
negligible inherent energy storage of neurons, the 
brain depends on the constant influx of substrates 
from the blood. Neurons in the adult brain rely 
primarily on glucose for energy [112]. To protect 
the brain from potentially hazardous fluctuations 
in blood, the blood-brain barrier (BBB) and 
blood-cerebrospinal fluid barrier (BCSFB) regu- 
late molecular exchange between the blood and 
cerebral fluid. The primary function of these bar- 
riers is to restrict the free diffusion of solutes in 
blood or cerebral fluid, selectively transport 
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essential ions, nutrients, and signal molecules, 
and simultaneously remove metabolic wastes. 

The metabolic fate of glucose in the brain 
relies on the cell type and the selective expression 
of metabolic enzymes. Neurons are primarily 
oxidative, while astrocytes are primarily glyco- 
lytic [113, 114]. In addition to producing 
adenosine-5’-triphosphate (ATP), glucose can 
also generate metabolic intermediates that syn- 
thesize fatty acids and other lipids required for 
membrane and myelin synthesis [115, 116]. In 
neurons, each glucose molecule is oxidized to 
produce carbon dioxide, water, and 30-36 ATP 
molecules, which depend on the specific mito- 
chondrial proton leakage rate through glycolysis, 
the pentose phosphate pathway (PPP), the tricar- 
boxylic acid (TCA) cycle, and oxidative phos- 
phorylation [117]. The glycolysis process 
metabolizes glucose into pyruvate, which is 
actively transported to the mitochondria and then 
converted to acetyl coenzyme A (acetyl-CoA). 
Acetyl-CoA is complexed with citrate, which 
undergoes a series of regenerative enzymatic 
reactions in the TCA cycle to produce reduced 
nicotinamide adenine dinucleotide (NADH) and 
flavin adenine dinucleotide (FADH2). NADH 
and FADH2 produced in glycolysis and the TCA 
cycle are then reoxidized in the electron transport 
chain (ETC). 

Studies in humans and animals have widely 
demonstrated that the expression of glucose 
transporters in the brain decreases during aging 
[118], and the expression of key enzymes 
involved in glycolysis and oxidative phosphory- 
lation changes [119, 120]. Studies in mice have 
shown that ATP levels in white matter decrease 
during aging, which is related to ultrastructural 
changes in mitochondria and the reduced associ- 
ation of mitochondria and ER [121]. NAD levels 
are critical for mitochondrial function and ATP 
production [122, 123]. Meanwhile, an increased 
NADH level, with decreased total NAD and 
NAD+ levels, has been exhibited in the human 
brain during normal aging [124]. 

Low glucose metabolism and mitochondrial 
dysfunction are early signs of age-associated 
functional changes during normal aging in the 
brain [125-127]. PET is used to analyze fluoro- 
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deoxyglucose uptake into brain cells in humans 
at different ages and has demonstrated age- 
associated degradation in glucose utilization in 
several different specific brain regions [128], 
with the most significantly related regions found 
in the frontal cortex, especially the dorsolateral 
and medial prefrontal cortex, with the highest 
positive loads. Furthermore, the posterior parietal 
and posterior cingulate cortices have higher posi- 
tive loads, indicating that the metabolism of these 
areas decreases significantly with age. In addi- 
tion, regional analysis showed that the temporal, 
parietal, and cerebral cortex exhibited an age- 
related decline in metabolism, and the frontal 
cortex declined particularly rapidly [129]. In rats, 
an age-related reduction in brain cellular energy 
metabolism in the hippocampus and prefrontal 
cortex is also associated with impaired learning 
and memory test performance [130]. 

During human evolution, the increase in mito- 
chondrial capacity and oxidative metabolism 
seems to drive the expansion of the cerebral cor- 
tex [131-133], which may have rendered the 
brain resistance to cognitive decline in aging. 
Synaptic spine is the site of neurotransmission; 
therefore, it is essential for forms of synaptic 
plasticity such as long-term potentiation or long- 
term inhibition [134]. The excitatory synapse is a 
subcellular site with a high energy expenditure 
because it requires large amounts of ATP to sup- 
port the activity of neurotransmitter transporters. 
Membrane Nat and Ca™ pumps can rapidly 
restore gradients of these ions after synapse acti- 
vation [135, 136]. Therefore, when the ability of 
neurons to produce enough ATP is compromised 
during aging, synapses are prone to dysfunction 
and degeneration [135]. 

Many factors may cause age-dependent hypo- 
metabolism in the brain. Many clinical studies 
have shown that there is a negative correlation 
between cerebral blood flow and age [137, 138]. 
In addition, the permeability of the BBB and 
BCSFB is higher in elderly individuals than in 
younger individuals [139]. Brain hypoperfusion 
and loss of BBB integrity can lead to decreased 
import of nutrients and removal of toxins. 
Furthermore, the damaged BBB allows paren- 
chymal accumulation of blood-derived proteins, 
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such as fibrinogen, immunoglobulins, albumin, 
thrombin, and hemoglobin, and even immune 
cells, which can cause inflammation to invade the 
brain parenchyma [140]. 

Age-related metabolic decline is a “malfunc- 
tion” of the brain, as brain functions deteriorate 
in several energy metabolism-related pathways in 
brain cells, including glucose transport, mito- 
chondrial electron transport, DNA repair, and 
neurotrophic factor signaling. Many epidemio- 
logical, experimental, and clinical studies indi- 
cate impaired neuronal bioenergetics and 
decreased adaptation to stress as important roles 
in normal aging or even preclinical stages of neu- 
rodegenerative disorders such as AD and PD 
[117]. 
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Abstract 


Cognitive decline has emerged as one of the 
greatest health threats of old age. Meanwhile, 
aging is the primary risk factor for Alzheimer’s 
disease (AD) and other prevalent neurodegen- 
erative disorders. Developing therapeutic 
interventions for such conditions demands a 
greater understanding of the processes under- 
lying normal and pathological brain aging. 
Despite playing an important role in the patho- 
genesis and incidence of disease, brain aging 
has not been well understood at a molecular 
level. Recent advances in the biology of aging 
in model organisms, together with molecular- 
and systems-level studies of the brain, are 
beginning to shed light on these mechanisms 
and their potential roles in cognitive decline. 
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This chapter seeks to integrate the knowledge 
about the neurological mechanisms of age- 
related cognitive changes that underlie aging. 
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10.1 Loss of Neural Circuits 


and Synaptic Plasticity 
10.1.1 Synaptic Structure Deficit 


Cognitive decline is among the most striking fea- 
tures of brain aging, and studies have shown sim- 
ilar cognitive impairment in older people, 
primates, and rodents [1]. Brain aging leads to 
serious impairment in fluid intelligence, render- 
ing it difficult for individuals to solve new prob- 
lems effectively. More importantly, the decline in 
fluid intelligence is related to a decrease in cogni- 
tive function. Combined with the age-related 
increase in cognitive defects, this situation is 
referred to as “age-associated memory impair- 
ment (AAMI)” [2] or “age-associated cognitive 
decline (AACD)” [3]. However, the brain’s 
regional aging pattern varies among individuals, 
and the mechanisms remain unclear. 

At the macro-level, the following five main 
theories explain cognitive aging: working mem- 
ory theory [4], processing speed theory [5], inhi- 
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bition decline theory [6], sensory function theory 
[7], and executive decline theory [8]. With the 
development of brain imaging technology, 
researchers have proposed the following two 
cognitive aging neural mechanism models: the 
aging from back to forwarding model (PASA) [9] 
and the hemispheric asymmetry reduction in 
older adults (HAROLD) model [10]. Previous 
researchers believe that there is a difference in 
brain activation patterns between elderly individ- 
uals and young individuals when performing cer- 
tain cognitive tasks. Elderly individuals recruit 
the anterior brain area to compensate for the loss 
of sensory processing function in the occipito- 
temporal area. Current research reports that under 
the same conditions, PFC (prefrontal cortex) acti- 
vation in elderly adults is lower than that in young 
adults and tends to present a symmetric pattern. 
In addition, functional magnetic resonance imag- 
ing (fMRI) studies have shown that in normal 
aging, the metabolic activity of the subiculum 
and dentate gyrus is decreased, whereas, in path- 
ological aging, the metabolic activity of the ento- 
rhinal cortex is decreased [11]. 

At the micro-level, the aging human brain is 
associated with memory loss and synaptic con- 
nectivity reduction, but the loss of neurons is 
not obvious. For example, there was no signifi- 
cant change in the number of primary hippo- 
campal glutamatergic neurons in humans, 
monkeys, or rats [12]. However, over the whole 
lifespan development, volume loss and func- 
tional changes appear in the medial temporal 
lobe (MTL) [13]. Although the loss of neurons 
is minimal in most cortical regions of the nor- 
mal aging brain [14], the changes in the synaptic 
physiology of aging neurons may contribute to 
altered connectivity and higher-order integra- 
tion [15]. 

Barnes and others believe that the decline in 
cognitive ability, such as learning and memory, is 
due to subtle changes in the synaptic structure 
and function [1], such as axonal degeneration 
[16], dendritic spine density reduction [17], and 
synaptic plasticity change. However, synaptic 
degeneration is not a common phenomenon in 
the brain and is more obvious in the hippocampus 
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and other areas sensitive to aging. Aging 
decreases the expression of synaptic-related 
genes, such as synaptic vesicle release- and 
transport-related molecules, neurotransmitter 
receptors, postsynaptic dense areas of scaffold 
proteins, and cell adhesion molecules regulating 
synaptic connections [13, 18—21]. 

With brain aging, there are also physiological 
changes, such as a decrease in the synaptic inter- 
face curvature, synaptic membrane fluidity, and 
synaptic element content and an increase in wid- 
ening of the gap width and thinning of postsynap- 
tic dense material [22-24]. Animal studies have 
shown that normally aging mice had preserved 
Schaffer collateral-CA1 synapses and excitatory 
postsynaptic potential (EPSP) amplitudes at 
CA3-CA1 synapses, whereas cognition-impaired 
mice had decreased amplitudes in Schaffer 
collateral-induced field EPSPs and the postsyn- 
aptic density area of axospinous synapses, sug- 
gesting that the cognitive decline in brain aging 
may be due to an increase in nonfunctional or 
silent synapses in the hippocampus, which may 
lead to a change in the plasticity mechanism but 
is not related to the alterations in the strength of 
individual synaptic connections. 

Synaptic integrity changes with aging. 
Transcriptomic analyses of the brain of an elderly 
human show robust negative associations with 
the age of genes encoding pre-and postsynaptic 
proteins, which may be related to changes in syn- 
aptic integrity [23, 24]. Some of the strongest 
effects were observed in the hippocampus, which 
is consistent with the increased vulnerability of 
the structure during aging [25]. 

Abnormal numbers of synapses, dendritic 
spines, synaptic density, synaptic loss, transmit- 
ter transmission, morphology, and function were 
also found in pathological aging, such as AD, 
Parkinson’s disease (PD), and other neurodegen- 
erative diseases. In AD, the accumulation of 
amyloid plaques and neurofibrillary tangles 
reduces the number of hippocampal synapses 
and the levels of acetylcholine, 
5-hydroxytryptamine, and other neurotransmit- 
ters. Both neurotransmitter levels were damaged 
in the early stage of AD, while dopamine and 
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GABA were damaged in the late stage of AD 
[26]. In AD, amyloid plaques and neurofibrillary 
tangles cause information transmission disorder 
[27], and the degree of synaptic damage is posi- 
tively correlated with the degree of cognitive 
impairment [28]. As changes in synaptic func- 
tion can be used as biomarkers of pathological 
changes in early AD, AD is also defined as a 
“synaptic failure disease” [29, 30]. 

What factors have an effect on synapses? The 
epigenetic state plays an important role in con- 
trolling gene expression in brain neurons under- 
lying synaptic plasticity and memory. The 
transient expression of p25 in adult mice can lead 
to neurodegeneration, synaptic loss, and memory 
loss in the hippocampus [31]. Changing the envi- 
ronment or using deacetylase inhibitors to simu- 
late environmental changes can promote memory 
recovery in p25 mice. Furthermore, the increase 
in synaptic plasticity and the activation of histone 
acetylation markers emphasize the role of epi- 
genetic changes in memory loss, which is related 
to neurodegeneration [32]. 

Because the process of aging is also described 
as inflammation, it is reasonable to consider the 
roles of astrocytes and microglia [33]. Although 
the number of astrocytes was unaffected in aged 
humans [34, 35], the volume of astrocytes in the 
hippocampus appeared to increase in rats [36]. 
In mice, aging reduced the expression of Ca% 
signals induced by ionophilic and purinergic 
receptors and neurotransmitters [37]. 
Importantly, aging is also related to a decreased 
expression of water channels (aquaporin 4) in 
the perivascular process of astrocytes and 
decreased brain parenchyma clearance through 
the glymphatic pathway, which is the key pro- 
cess to prevent the accumulation of misfolded 
protein aggregation [38]. Aging also changes 
microglia as follows: the activation of age- 
related microglia in rodents, nonhuman pri- 
mates, and humans [39-41] increases MHCII, 
CD68, TLRs, and proinflammatory cytokines, 
such as TNFa, interleukin-1b (IL-1b), and IL-6 
[41, 42]. However, other studies debunked the 
hypothesis that rather than inducing microglial 
activation, progressive microglial degeneration, 


and the loss of microglial neuroprotection, the 
microglial dystrophic/senescent phenotype in 
aged individuals is related to aging and further 
leads to the occurrence and progression of neu- 
rodegenerative diseases, such as AD [43, 44]. Gu 
et al. found that in mice, immune microglial 
cells caused forgetting by clearing synapses and 
that the complement signaling pathway was 
involved in microglia-mediated forgetting, 
which depended on the activity of memory- 
imprint cells. These results suggest that comple- 
ment-dependent synapse elimination by 
microglia is a mechanism underlying the forget- 
ting of remote memories [45]. 


10.1.2 Decreased Synaptic Plasticity 


The hippocampus plays a key role in the forma- 
tion and consolidation of learning and memory 
and is closely related to the regulation of emo- 
tion, fear, anxiety, and stress. Studies have shown 
that synaptic plasticity in the hippocampus 
directly affects hippocampal function. Synaptic 
plasticity has been identified and confirmed in 
the hippocampus [46]. Additionally, the perfor- 
mance of the hippocampus in different species 
decreases with aging and decreased synaptic 
plasticity, such as long-term potentiation (LTP) 
and long-term depression (LTD), or cellular 
alterations, which can be partially explained by 
directly affecting mechanisms of plasticity [24]. 
Synaptic plasticity, considered a crucial neu- 
robiological foundation for learning, memory, 
and behavioral adaptation [47], involves the 
modification of synaptic number, morphology, 
and function [48]. This results in physical and 
chemical changes in proteins, neurotransmitters, 
receptors, ions, and messenger molecules. It is a 
common phenomenon in both excitatory and 
inhibitory synapses. Furthermore, and it has been 
acknowledged that the reaction to various activi- 
ties and events are all involved [49]. LTP is 
defined as the long-lasting enhancement of syn- 
aptic transmission between two neurons follow- 
ing continuous and strong stimulation 
(high-frequency stimulation or theta burst stimu- 
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lation) and was found in the dentate gyrus of the 
hippocampus in rabbits in 1973 [50], whereas 
LTD reflects a long-lasting decrease in the effi- 
ciency of synaptic transmission following con- 
tinuous weak stimulation (LFS: low-frequency 
stimulation) and was found in a hippocampal sec- 
tion in 1977 [51]. 

Both LTP and LTD activate the o-amino-3- 
hydroxy-5-methyl-4-isoxazole propionate recep- 
tor (AMPAR) to cause a flow of Na’, leading to 
the depolarization of the postsynaptic membrane, 
which releases the Mg** and Zn”* block from the 
NMDAR, leading to the outflow of K* and the 
influx of a large amount of Na* and Ca?* [52]. 
However, the transient elevation in Ca? is essen- 
tial for controlling membrane excitability and 
regulating synaptic plasticity mechanisms, gene 
transcription, and other major cell functions [53, 
54]. 

In rodents, a characteristic of physiological 
aging is a decline in the action potential firing 
rates of CA1 pyramidal cells and the amplitude 
of the post-burst after-hyperpolarization respon- 
sible for spike frequency adaptation [55]; in old 
rats and primates, the excitatory synaptic trans- 
mission also changes during aging [56]. Many 
studies have shown that age-related memory 
deficits are related to LTP or LTD damage [57, 
58]. 

In older animals, LTP has been found to be 
decreased [59-61], but some studies proved that 
LTP is strengthened [62, 63]. Presumably, differ- 
ences in synaptic circuits or stimulation schemes 
result in different results [60]. In general, age- 
related changes in LTP can be observed only 
when a weaker stimulus is used, which leads to 
an increase or decrease in LTP [58, 62, 63]. 
Changes in synaptic plasticity during aging may 
be related to changes in AMPAR expression and 
functioning. Studies have shown that the admin- 
istration of AMPAR-positive allosteric modula- 
tors can restore age-related memory and synaptic 
enhancement defects, suggesting an increase in 
silent AMPAR rather than alterations in the 
expression of synaptic AMPAR [64-66]. 
Additionally, CaMKII is a key component of the 
molecular mechanism of LTP because LTP 
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induction is blocked in knockout mice lacking 
the key CaMKII subunit [67]. 

In addition to AMPA, studies have found 
that the NMDA-mediated response time 
increases in elderly CA1 pyramidal neurons 
[68]. Elderly animals show an excessive activa- 
tion of NMDA under glutamate or glycine stim- 
ulation despite the decrease in the density of 
these receptors [69]. However, this change in 
the NMDA-mediated response may be due to 
the increase in nonfunctional synapses with 
aging. In fact, the binding of the NMDAR 
antagonist MK-801 in animals with learning 
and memory deficits [70, 71] indicates that the 
increase in the NMDAR channel opening time 
occurs as a compensatory mechanism for the 
apparent decrease in the number of receptors 
because MK-801 only binds open channels. In 
addition, LTD is related to the levels of Ca”, 
and LTD strongly supports age-related disor- 
ders and changes in Ca?*-dependent induction 
mechanisms. With increases in NMDAR activa- 
tion and the influence of Ca”, aging is related 
to changed plasticity induced by weak stimula- 
tion. Furthermore, considering the key role of 
NMDARs in synaptic plasticity and memory, 
speculative changes in NMDARs may also 
cause Ca** imbalance. 

The scaffold protein PSD-95 can regulate LTP 
and LTD. Overexpressing PSD-95 renders LTP 
more difficult to induce, while enhancing LTD 
[72] by the knockout of PSD-95 in rat hippo- 
campi weakens the process of LTD [73], which 
can be explained by the decreased number of 
AMPA receptors on the postsynaptic membrane 
and the decreased EPSC amplitude and frequency 
caused by the decreased PSD-95 expression [74]. 
In addition, the connection between PSD-95 and 
NMDA receptors and its downstream enzymes 
are very important for synaptic signal transmis- 
sion and synaptic plasticity. When the connection 
between PSD-95 and nNOS is blocked, nitric 
oxide synthesis is reduced, leading to abnormal 
LTP induction [75]. In PSD-95 knockout mice, 
the excitatory postsynaptic current in the hippo- 
campus was decreased, and LTP was more easily 
induced [76]. 
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The overactivation of the adenosine A2A 
receptor in neurons is enough to cause synaptic 
plasticity and cognitive dysfunction [77]. The 
adenosine A2A receptor can play a key role by 
regulating neurotransmitters, activating signaling 
pathways, and participating in the inflammatory 
response. The adenosine A2A receptor regulates 
synaptic plasticity by regulating the neurotrans- 
mitter dopamine D1 receptor and changing the 
ratio of NMDA/AMDA in the dentate gyrus of 
the hippocampus, thus affecting cognition [78]. 
The results reported by Furini et al. suggest that 
an appropriate amount of dopamine can activate 
the classic adenylate cyclase (AC)/cAMP/protein 
kinase A (PKA)/CREB/mTOR and dopamine 
and cAMP-regulated phosphoprotein of 32 kDa 
(DARPP-32) pathways by activating the D1 
receptor, which can synergistically regulate the 
phosphorylation of many substrates, thus enhanc- 
ing and improving the cognitive function of LTP 
[79, 80]. 

Moreover, diet, calorie restriction, brain- 
derived neurotrophic factors (BDNF), environ- 
ment enrichment, diabetes, and other factors 
have an impact on synaptic plasticity. For 
instance, a high-calorie diet can damage the 
structure and function of the hippocampus. 
Other studies have shown that chronic caffeine 
can increase the length of neuron processes, 
the number of branches, and the density of 
basal dendritic spines, significantly reducing 
the risk of neurodegenerative diseases [81]. In 
addition, in the hippocampus and cerebral cor- 
tex, BDNF can increase presynaptic signal 
transduction, promote the release of excitatory 
neurotransmitters, enhance postsynaptic recep- 
tor activity, and participate in the formation of 
LTP [82]. In addition, changing the living envi- 
ronment and lifestyle by enriching the environ- 
ment can increase hippocampal neurogenesis, 
synaptic plasticity, and cognitive behavior. 
Chronic hyperglycemia changes hippocampal 
tissue, which may lead to a decrease in the neu- 
ron number, abnormalities in cell body mor- 
phology, and disorders of synaptic function, 
resulting in a decrease in the LTP effect or 
facilitation of the LTD effect, abnormalities in 


brain signal transmission, and finally, a decline 
in cognition [83]. 

In pathological aging, such as AD, synaptic 
plasticity is reduced similar to normal aging 
introduced above. 3xTg-AD model mice have 
NMDAR-mediated LTP damage and memory 
decline [84], and in AD patients, neurons show 
significant degeneration and apoptosis and inhibit 
LTP induction. Soluble amyloid-beta (AB) oligo- 
mers can impair synaptic plasticity, which is 
mainly manifested as an effect on LTP. Reducing 
the level of AB or clearing the aggregation of AB 
in the hippocampus can improve synaptic plastic- 
ity, learning, and memory [85, 86], which may be 
related to NMDAR damage. Damage to 
NMDARs can promote the transformation of 
APP to Af and the soluble forms of oligomeric 
Af, which are related to a decrease in the 
NMDAR quantity and function. Moreover, AB 
can regulate AMPAR and NMDAR through 
GluR2 and GluN2B, respectively. In addition, the 
abnormal aggregation of AB reduces the mobility 
of mGluR5 in the synaptic space, leading to the 
release of Ca% in cells and overload [26]. An 
abnormal increase in the extracellular glutamate 
concentration leads to damage to synaptic plas- 
ticity. In addition, during the early stage of AD, 
the levels of synapse-related proteins, such as 
GAP-43 and PSD-95, decrease earlier than the 
decrease in the number of synapses and the dam- 
age to synaptic functioning [87]. This result sug- 
gests that synapse-related proteins in AD may 
also participate in the regulation of synaptic plas- 
ticity [87]. 

Synaptic plasticity is necessary for selectively 
modulating neuronal circuitry, thus affecting the 
aging of brain function, and the coordinated 
expression of LTP and LTD is the basis for 
enabling learning and memory to proceed nor- 
mally. However, synaptic plasticity is not enough 
for the normal progression of neural circuits. For 
example, an increase in synaptic strength 
increases the excitability of postsynaptic cells 
and makes them easier to activate, which, in turn, 
increases the likelihood of more LTP. Therefore, 
positive feedback quickly saturates the system, 
leading to a hyperactive state of synaptic input 
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saturation. In contrast, too much limited liability 
also sharply increases, leading to a state of silence 
in which input is completely suppressed, thereby 
destroying the activity of the neural network [88]. 
Therefore, in recent years, researchers have pro- 
posed the homeostatic plasticity theory, which 
indicates that a compensatory stabilizing mecha- 
nism regulates neuronal excitability, stabilizes 
the total strength of synapses, and affects the 
speed and extent of synapse formation [89] using 
a negative feedback system to maintain the net- 
work activity within a dynamic range [90]. These 
forms of homeostatic plasticity may be a supple- 
ment to LTP and LDP that neural networks can 
be selectively modified [89], but more research is 
needed to reveal the mechanism of synaptic plas- 
ticity and neural plasticity affecting brain aging. 


10.2 White Matter Abnormal 
Alterations 


10.2.1 Vascular Pathology Changes 


Older people have smaller brains than younger 
people [91, 92]; gray matter, mainly in the fron- 
tal, insular, and cingulate cortex, is decreased by 
3%, whereas white matter, mainly in the corpus 
callosum and frontal cortex, is decreased by 11%. 
The white matter volume gradually increases 
during the first 40 years after birth, reaches a 
peak at approximately the age of 50 years, and 
then rapidly decreases from the age of 60 years 
[93], and a quadratic regression relationship has 
been proposed between the volume of white mat- 
ter in the frontal lobe and the age curve, indicat- 
ing a high correlation between the volume of 
white matter and age [94]. Although neurons 
exhibit age-related synaptic decline and altered 
expression of neurotransmitter receptors, the 
total number of neurons does not change with 
aging. Therefore, age-dependent cognitive 
decline cannot be fully explained by age- 
dependent changes in neurons. Furthermore, 
white matter is crucial for transmitting electrical 
signals across different brain areas, and therefore, 
white matter malfunction can lead to serious neu- 
robehavioral and cognitive impairments [95]. 
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Diffusion tensor imaging (DTI) studies have 
found white matter alterations in aging brains, 
such as atrophy in white matter [96], disruption 
of white matter tracts [97], impairment in white 
matter integrity [98, 99], increased inflammation 
[100, 101], loss of myelination [102], and vessel 
impairments [103]. Further studies have shown 
that the risk of blood vessels increased with aging 
by 2.7% at the age of 36 years and 24.3% at the 
age of 69 years, and a higher vascular risk was 
associated with smaller brain size and white mat- 
ter hyperintensities at the age of 70 years [104]. 

Stenosis caused by hyaluronic fibrosis of arte- 
rioles and small blood vessels is the main vascu- 
lar change in white matter [105], which in turn 
leads to chronic cerebral ischemia and increases 
the incidence of brain lesions such as white mat- 
ter lesions (WML), infarction, and cerebral 
microbleeds in older adults [106]. 

Some researchers indicate that abnormal alter- 
ations in white matter are due to hypoperfusion 
causing ischemia of white matter [107]. Toxin 
levels may rise in aged white matter, causing a 
decline in the vascular density [108], impairing 
autoregulation in the cerebral vascular system 
[109], and aggravating the hypoperfusion of 
white matter in elderly individuals. The major 
blood supply of WM is via the long perforating 
branch artery of the cerebral surface and cerebral 
pia mater vascular network and the terminal 
branch of the choroidal artery and vistriatum 
artery from the subependymal artery. There is 
limited or no anastomosis between the two vas- 
cular branches, rendering the periventricular 
white matter in the arterial junction area more 
vulnerable to systemic or focal local cerebral 
blood flow reduction [110] and hypoperfusion. 
Tortuous arterioles are well known to form in 
aged WM [111] and are assumed to have a curl- 
ing shape in the cavity where the brain paren- 
chyma is lost. Tortuous arteries decrease blood 
flow to WM because of an increase in vessel 
length and a loss of kinetic energy in the curling 
arterioles. In addition, excess collagen deposits 
in the walls of veins and venules in the deep WM 
of aging brains [111], which may lead to reduced 
WM blood flow by constriction of the vessel 
lumen. Thickened venous walls resulting from 
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collagen deposition also delay the elimination of 
toxins via the bloodstream, accordingly impair- 
ing perivascular drainage [112]. Consistently, a 
model of chronic cerebral hypoperfusion caused 
by ligation 30 days later found axonal damage, 
diffuse demyelination and glial cell changes, and 
other white matter damage [113]. 

Aging is related to changes in the vascular 
system, including arteriolosclerosis and large 
artery stiffening [114, 115]. Among elderly indi- 
viduals, there is a high probability of arteriolo- 
sclerosis in small blood vessels, and some 
researchers believe that abnormal alterations in 
white matter are due to dysfunction of the blood- 
brain barrier (BBB) as changes in small blood 
vessels may lead to damage to the BBB, chronic 
leakage of fluid and macromolecules in white 
matter [116], and increased concentrations of 
cerebrospinal fluid albumin and IgG values [117]. 
In addition, albumin extravasation is widespread 
in the aging brain and increases in white matter 
[118]. Moreover, BBB permeability is increased 
in normal-appearing white matter in patients, and 
its presence in normal-appearing white matter is 
consistent, playing a causal role in disease patho- 
physiology [119]. In addition, changes in blood 
vessels and endothelial cells are related to aging 
and can be accelerated by different vascular risk 
factors. 

Changes in vascular function may be seri- 
ously affected by genetic and epigenetic factors. 
Smoking and chronic diseases can cause abnor- 
mal alterations in white matter [120], which has 
an impact on blood vessels, further leading to 
WML. Hypertension can promote microathero- 
matosis; lead to lipohyalinosis in media, the 
thickening of vessel walls [121], stenosis in the 
lumen of the small perforating arteries and arte- 
rioles stenosis, or the occlusion of vessels to dif- 
ferent degrees until the lumen is completely 
blocked; and then induce ischemia, rendering 
white matter vulnerable to cerebral ischemia 
[122]. In addition to the potential effect on arte- 
riosclerosis, subsequent hemodynamic changes 
may lead to reduced cerebral blood perfusion 
[123]. Chronic hypertension and hypotension 
alter cerebral blood flow (CBF) autoregulation 
and may affect the autoregulatory range. 


“Autoregulation” usually refers to the adaptation 
of CBF to acute and chronic changes in arterial 
blood pressure and perfusion pressure. Pressure 
autoregulation maintains fairly stable perfusion 
within the mean system pressure range of 
60-150 mmHg. Hypertension can also disrupt 
the BBB and cause changes in white matter 
through brain edema, astrocyte activation, 
destructive enzymes, or other toxins that cross 
the walls of damaged blood vessels [124]. In 
addition to hypertension, diabetes can affect 
WML and change the transfer of glucose and 
insulin through the BBB, thereby affecting local 
metabolism and microcirculation, further chang- 
ing the membrane permeability, reducing local 
blood flow, and accelerating white matter isch- 
emia [125, 126]. In addition, hypertension and 
diabetes lay a foundation for altered neurovascu- 
lar coupling and a regional decline in vasomotor 
capacity; these factors all reshape the sigmoidal 
physiologic curve of the adaptive system into “a 
straight line” and result in WML. 

Abnormal alterations in white matter are 
highly heritable, and some polymorphisms have 
been found in various candidate genes, such as 
apolipoprotein E (epsilon 4+), methylenetetra- 
hydrofolate reductase (cytosine677thymine), 
and angiotensinogen (Met235Thr), which are 
related to white matter damage [127, 128]. RNA 
microarray and pathway analyses indicated that 
multiple genes exhibit altered RNA transcrip- 
tion (immune regulation, cell cycle, apoptosis, 
proteolysis, ion transport, cell structure, elec- 
tron transport, and metabolism), and white mat- 
ter has no lesions (WM[C]) represented areas 
with a complex molecular phenotype [129, 
130]. In addition, some studies have found that 
241 specific genes were expressed for WM[C] 
associated with inflammation, oxidative stress, 
detoxification, and hormonal responses, and 
also including genes related to brain repair, 
long-term potentiation, and axon guidance. 
Genes correlated with oligodendrocyte prolifer- 
ation, axon repair, long-term potentiation, and 
neurotransmission are also included [131]. 
These results provide an explanation for isch- 
emia, BBB dysfunction, systemic oxidative 
stress, and inflammation in the WML. However, 
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in meta-analyses, some results indicate that 
there is no convincing evidence of an associa- 
tion between white matter damage and candi- 
date gene polymorphisms [132]. 

In pathological aging, age-related white mat- 
ter hypoperfusion may lead to white matter isch- 
emia, which causes white matter damage. Some 
researchers believe that impaired perivascular 
drainage throughout the brain is a result from 
venous collagenosis, tortuosity lesions, and 
thickened arteriolar walls in aged WM, which 
may cause the decreased clearance of AB [133]. 
In turn, the reduction in AB clearance causes ele- 
vated AB deposition in and around vascular walls, 
narrowing or even blocking the lumen [134] and 
further microvascular pathology and subsequent 
hypoperfusion. Declined AB clearance also 
aggravates age-related reductions in angiogene- 
sis possibly due to the combination of Af to vas- 
cular endothelial growth factor (VEGF) [135], 
which is a growth factor vital for angiogenesis. 
AD patients exhibit greater BBB disruption [136] 
and an elevated expression of receptor for 
advanced glycation end products (RAGE) [137], 
which is essential for the influx of peripheral AB 
into the brain. Additionally, a decreased expres- 
sion of the efflux receptor for AB and lipoprotein 
receptor-related protein (LRP)-1 and increased 
influx receptor RAGE have been reported in AD 
patients [138], which could be expected to 
enhance the intracellular accumulation of Af. 
These characteristics may partially explain WML 
in AD. In addition, researchers believe that there 
is a significant loss of cholinergic innervation in 
cerebral blood vessels in the brains of AD 
patients. The lack of cholinergic receptors in pen- 
etrating vessels [139] may also lead to cerebral 
hypoperfusion [140]. 


10.2.2 Demyelination 


As previously mentioned, DTI studies have found 
white matter alterations in aging brains; in this 
section, we discuss myelin loss in white matter. 
Neuroimaging evidence supports the loss of 
the myelin sheath during aging. DTI studies show 
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that fractional anisotropy (FA) decrease and mean 
diffusivity (MD) increase in elderly individuals 
[95, 141], suggesting impaired WM integrity. A 
greater decrease in FA in distal regions of the cor- 
pus callosum was also found compared to that in 
medial regions with aging [142]. Both the age- 
related loss of forebrain white matter volume and 
the decrease in FA in subcortical white matter 
tracts are related to cognitive decline. 

At the microscopic level, the myelin sheath 
degenerates in appearance and divides into layers 
during normal aging [143], which is consistent 
with the changes in the thickness, density, and 
function of the myelin sheath in elderly rhesus 
monkeys with aging [144]. In elderly individuals, 
the myelin sheath is damaged, including the divi- 
sion and expansion of the myelin sheath and the 
complete degeneration of axons and the myelin 
sheath. In addition, age-related myelin histopa- 
thology is closely related to the decrease in FA 
and the decrease in corpus callosum compound 
action potentials. Studies have also shown that 
the partial loss of myelin, axons, and oligoden- 
dritic cells and mildly reactive astrocyte prolifer- 
ation gradually occur during the aging process 
[105]. In addition, Sugiyama found that in old 
rats, there was an increase in myelin division, 
myelin balloon formation, and axon separation 
[145]. Similar to the myelin sheath, white matter 
axon function [146], conduction efficiency, and 
threshold [147] were impaired. Hampton showed 
that older animals are more susceptible to axon 
damage than young animals and exhibit lower 
remyelination efficiency [148]. These pathologi- 
cal changes may be the basis of age-related cog- 
nitive decline due to the loss of effective neural 
communication. 

Why does demyelination occur with brain 
aging? Some researchers propose that demyelin- 
ation occurs due to the inflammatory reaction and 
abnormal protein decomposition destroying the 
balance of lipids and proteins, which are the main 
components of myelin, leading to the loss of the 
myelin sheath and functional abnormalities. For 
example, ganglioside, which plays an important 
role in brain aging, decreases after the age of 
70 years [149]. Additionally, an experiment in 
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which myelin lipids were replaced with radionu- 
clides revealed that the metabolic rate of cerebro- 
side and ganglioside in elderly adults was 
significantly higher than that in young adults. In 
addition to lipids, the contents of myelinogenic 
oligodendrocyte-specific protein (MOSP) and 
2-3-cyclic nucleotide phosphodiesterase 
(CNPase) increased with aging [150]. The over- 
expression of CNPase, which maintains the 
myelin sheath and axons, in the brains of elderly 
individuals can lead to structural loosening and 
vacuoles of the myelin sheath. Mice without 
CNPase show age-dependent glioma [151]. 
Moreover, a considerable number of CNPase and 
MOSP hydrolytic fragments were found in the 
aged brain, which was consistent with the abnor- 
mal proteasome system and the abnormal 
increase in calpain-1 activity in the aging brain 
[150]. 

Oligodendrocytes produce myelin sheaths in 
the central nervous system and help with myelin 
regeneration. Oligodendrocyte progenitor cells 
(OPCs) exist in the normal adult brain and can 
differentiate into mature oligodendrocytes. 
Damage to OPC recruitment or differentiation is 
also closely related to a decrease in myelination. 
Studies have shown that the degradation of oligo- 
dendrocytes and OPCs increases with aging 
[152], leading to increased myelin degradation, 
reduced remyelination, myelin component fluc- 
tuations, and the eventual destruction of white 
matter integrity during normal aging [153]. In 
addition, research evidence indicates that the 
transcription factors SOX2, Oligo2, Oligol, 
SOX10, Hes5, Id2, and Id4 are related to OPC 
recruitment, which changes in aged demyelinat- 
ing mice, and the growth factors platelet-derived 
growth factor (PDGF), fibroblast growth factor 
(FGF), and the transforming growth factor-B 
(TGF-B) regulated by OPC recruitment-related 
transcription factors are downregulated in aged 
mice [154]. 

Lactate is crucial for the normal function of 
oligodendrocytes: In the process of myelination, 
oligodendrocytes may use lactate from the blood 
and/or astrocytes as a source of energy and the 
material to generate fatty acids for myelin syn- 


thesis, and after myelination, mature oligoden- 
drocytes release lactate through myelin. 
Additionally, the maintenance of myelin requires 
the decomposition of fatty acids, during which 
lactate may be generated. Thus, oligodendrocytes 
may support axon metabolism by providing lac- 
tate as a nutrient to neighboring neurons [155]. 
Consistent with this study, Lee and their col- 
leagues [156] found that lactate was inhibited to 
be transported from oligodendrocytes to neurons 
through knockdown of monocarboxylate trans- 
porter 1 (MCT1), which would lead to abnormal 
axon morphology and neuronal death, revealing a 
crucial role of oligodendrocyte-derived lactate 
for maintenance of axonal viability. In addition, a 
decrease in lactate content was also found in the 
hippocampus of aging accelerated mice [147]. 
Astrocytes in white matter play an important 
role in myelination as they promote myelination 
by clearing extracellular ions and neurotransmit- 
ters and releasing promyelination factors [157, 
158]. The function of activated astrocytes under 
pathological conditions is complex and depends 
on their activated phenotypes. These harmful 
effects include toxicity to oligodendrocyte lin- 
eage cells, the release of inflammatory cytokines 
and free radicals, and the recruitment and activa- 
tion of peripheral immune cells into the central 
nervous system (CNS). On the contrary, the ben- 
eficial functions include the clearance of inhibi- 
tory myelin debris and the release of neurotrophic 
factors. Studies have demonstrated that astro- 
cytes isolated from aged brains display a proin- 
flammatory phenotype with an increased 
production of inflammatory factors and free radi- 
cals [159]. On the contrary, the release of gluta- 
thione and trophic factors (e.g., basic fibroblast 
growth factor, glial cell-derived neurotrophic fac- 
tor, etc.), which are protective against white mat- 
ter oligodendrocytes and axons, is reduced in 
aged astrocytes [160]. Aging brains exhibit a 
decrease in the ability of astrocytes to remove 
toxic molecules, including «-synuclein [161] and 
glutamate [162], from the extracellular medium. 
Notably, a study documented an increase in 
astrocyte activation in the brains of elderly indi- 
viduals with a significant decrease in myelin 
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expression [163]. Therefore, the activation of 
astrocytes is closely related to changes in white 
matter in brain aging. 

Some researchers also speculate that microg- 
lia, which are the resident immune cells in white 
matter, maintain white matter homeostasis under 
physiological conditions [164]. In normal aging, 
the density of microglia in white matter increases, 
while gray matter remains stable. Additionally, 
the age-related decrease in myelin protein is 
associated with increased microglial activation 
[163]. In monkeys, myelin repair is associated 
with microglial activity [165]. However, opinions 
regarding the effect of microglia on the structure 
and function of white matter differ respectively. 
Some studies found that microglia are in a state 
of promoting inflammation during the aging pro- 
cess, leading to brain defects [166]. However, the 
downregulation of neurotoxic pathways and 
upregulation of neuroprotective pathways in aged 
microglia have also been demonstrated [167]. 
Therefore, the effect of age-related and region- 
dependent microglial changes on the structure or 
function of white matter remains to be 
confirmed. 

Myelin sheath loss is also found in the setting 
of neurodegenerative diseases. Decreased FA and 
increased MD were also found in mild cognitive 
impairment (MCI) and early phases of AD [168- 
170]. Moreover, AD showed atrophy in specific 
fiber bundles, such as cingulate tract related to 
memory [171, 172], fornix [173], hippocampal 
para-white matter bundle [174], knee of corpus 
callosum [175] intracortical projection fiber bun- 
dle [176], and edge WM bundles [177]. In addi- 
tion, there are significant differences in the 
volume of regional white matter between nonde- 
mentia aging and AD [178]. The correlation 
between Aß42, total tau, phospho-tau, with sub- 
cortical axonal impairments has also been 
reported [179]. Moreover, the changes in glial 
cells may be the basis of white matter damage in 
AD patients. Compared with age-matched 
healthy controls, AD patients showed higher 
microglial density [180], increased the produc- 
tion of RAGE, proinflammatory cytokines, and 
chemokines, thus aggravating white matter dam- 
age [181]. In addition to microglia, the activation 
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of astrocytes in the AD brain is increased [182]. 
Elevated production of apolipoprotein E from 
astrocytes is associated with AB accumulation 
[183], leading to greater white matter damage. 
Moreover, abnormal WML is also a risk factor 
for dementia, depression, and stroke [184], and 
the abnormal lesions are mainly related to the 
loss of axons and myelin sheaths [185]. 

Although the understanding of the physiologi- 
cal and pathological changes in WM with aging 
is still unclear, white matter is an effective treat- 
ment target for many brain injuries and disease 
states. 


10.3 Neurovascular Unit Injury 


In 2001, the American Institute of Neurological 
Diseases and Stroke formally established the 
concept of the “neurovascular unit” as follows: 
the neurovascular unit (NVU) is the basic struc- 
ture and functional unit of the nervous system 
and emphasizes the importance of the interaction 
among neurons, glial cells, and cerebral vessels, 
reflecting the relationship among brain cells and 
the cerebrovascular system, neural activity, and 
cerebral blood flow [186]. The NVU is composed 
of neurons, vascular cells (endothelial cells, peri- 
cytes, and vascular smooth muscle cells), glial 
cells (astrocytes, microglia, and oligodendro- 
cytes), and brain-specific extracellular matrix 
through the BBB to strictly control the passage of 
materials in and out of the brain [187]. BBB 
integrity is crucial for proper synaptic function, 
information processing, and neuronal connec- 
tion. The loss of BBB integrity leads to increased 
vascular permeability and allows toxic blood- 
derived molecules, cells, and microbial agents to 
enter the brain, which is associated with reduced 
CBF, impaired hemodynamic responses, and 
inflammatory and immune responses, which can 
initiate multiple pathways of neurodegeneration 
[188-190]. Neuroimaging studies have illus- 
trated early BBB dysfunction in neurodegenera- 
tive disorders, which is also supported by biofluid 
biomarker data and is consistently found in post- 
mortem tissue [191]. The brain needs to consume 
much energy from oxygen, glucose, and nutrients 
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to maintain its activity, while the brain’s energy 
reserves are scarce. Irreversible brain damage 
and even brain death can result from a few min- 
utes of complete interrupted blood supply in the 
brain, such as occluded cerebral artery in stroke 
or after pump failure in cardiac arrest. Moreover, 
if the flow is not completely stopped but is 
reduced or not well matched to the energy 
demands of the tissue, more subtle brain altera- 
tions ensue and cause chronic brain damage in 
vulnerable areas associated with cognitive 
impairment, eventually leading to cognitive 
impairment [192]. This finding proves that nerve 
cells and blood vessels must interact and the neu- 
rovascular unit plays an important role in normal 
brain function and various neurological diseases. 

Numerous studies have found that blood ves- 
sels in the brain are associated with aging. During 
aging, the vascular morphology changes. Vermeer 
found a higher incidence of cerebral infarcts in 
elderly individuals [193]. According to Badji and 
Benetos’s study, compared to youth, the degree 
of arterial and venous stiffness increases in 
elderly individuals [194, 195]. In addition, 
numerous animal studies have shown that the 
capillary diameter [196], density [197], surface 
area [196], and unit volume length [198] are 
decreased in elderly individuals. A similar phe- 
nomenon has been found in humans, but it is 
regionally specific in humans [133, 197, 199, 
200]. In addition, other human studies described 
that the likelihood of arteriole tortuosity increases 
with aging [201]. This change in blood vessels 
may be due to an imbalance between mitochon- 
drial reactive oxygen species (ROS) and oxida- 
tive stress during aging [202]. This imbalance is 
caused by an increase in ROS, which destroys 
nitric oxide (NO) signaling, reduces Cavelin 1 
expression, activates MMP-2 and MMP-9, and 
destroys the tight connection between cells, thus 
increasing the permeability of the BBB and 
finally leading to the entry of neurotoxic sub- 
stances, such as Af, into the ischemic area. 
Additionally, this change can lead to endothelial 
cell damage in blood vessels and an increase in 
inflammatory signals [203, 204]. Additionally, 
during the aging process, the levels of endothe- 
lin-1, angiotensin II, prostaglandins, thrombox- 


ane, and other prostanoids increase. In turn, this 
increase can lead to the production of mitochon- 
drial reactive oxygen species, accelerated 
vascular senescence, and microvascular lesion, 
causing inflammation [205-207]. This process 
can be intensified by the activation of the tran- 
scription factor NF-kB. NF-«B induces inflam- 
matory cytokines that cause vascular endothelial 
damage [208], limiting the vascular responsive- 
ness to dilatory and constrictive vasoactive sub- 
stances [209]. Some studies have shown that the 
transcription factor JUND can protect cells from 
damage caused by ROS but becomes less active 
with aging [210]. Various factors and mecha- 
nisms lead to chronic inflammation in the aging 
vasculature, causing damage that cells struggle to 
repair, reducing vascular endothelial growth fac- 
tor and antioxidant enzyme activity, and causing 
vascular aging [211, 212]. 

In addition, the blood circulation system con- 
nects peripheral blood to the brain, which is 
altered in neurodegenerative diseases. Maier and 
their colleagues found that the concentration of 
cytokines in the peripheral blood of patients with 
AD was increased and the complement system 
was activated [213, 214]. Genetic evidence sug- 
gests that the complement pathway plays a key 
role in AD [215]. In healthy individuals, AB pep- 
tides are degraded within or cleared from the 
brain via the BBB [216], but Wang et al. found 
that AB in the peripheral blood of AD patients 
was significantly higher than that in healthy indi- 
viduals [217, 218]. Huang et al. found that the 
plasma levels of soluble intercellular adhesion 
molecules (ICAM-1) and vascular cell adhesion 
molecules (VCAM-1) in AD patients were higher 
than those in the control group, indicating vascu- 
lar inflammation in AD [219]. Furthermore, 
Vestweber et al. found that soluble platelet endo- 
thelial cell adhesion molecule 1 (PECAM-1) 
accumulates to a higher level in the plasma of AD 
patients, further destroying the BBB [219]. The 
feasibility of using peripheral blood as a bio- 
marker for the detection of AD has been fully 
demonstrated. 

In neurovascular units, neural-vascular cou- 
pling represents a system of communication 
among neural, glial, and vascular structures, with 
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astrocytes playing the most typical role among 
glial cells [220]. Astrocytes are not only neuro- 
supportive but also diverse morphologically and 
functionally. Throughout the brain, astrocytes are 
centrally positioned to dynamically mediate 
interactions between neurons and the cerebral 
vasculature, play key roles in BBB maintenance 
and neurovascular coupling, and control the 
exchange of substances between the blood and 
the brain. Astrocytes also play a key role in the 
production, maturation, and regulation of the 
NVU. Astrocyte dysfunction may lead to BBB 
impairment and neurovascular disorders [221, 
222]. However, with aging, the BBB maintained 
by astrocytes breaks down and becomes more 
permeable, subsequently leading to fewer and 
thinner endothelial cells with fewer mitochondria 
in aged human brain tissue and causing vascular 
aging [223-226]. Astrocytes promote communi- 
cation between the synapse and local vasculature 
mainly through Ca** signaling, while Ca™% acti- 
vates phospholipases which produce arachidonic 
acid. Arachidonic acid is converted into potent 
vasomodulators and vasodilating prostaglandins 
and regulates the blood vessel diameter and 
blood flow. However, with aging, disturbance in 
calcium homeostasis in nerve cells and a decrease 
in the calcium regulatory capacity occur [227, 
228], accelerating vascular aging and microvas- 
cular damage through a series of reactions and 
causing inflammation [229, 230]. Another sig- 
nificant aspect of vascular-astrocyte signaling is 
aquaporin channels that ship water between cells. 
Astrocyte end-feet express high levels of aquapo- 
rin 4 (AQP4) channels which interface with vas- 
cular aquaporins [231]. This interface is lost with 
aging [232]. Normally, astrocytes are at rest. 
However, with aging, brain damage, and other 
neurodegenerative diseases, “good” “resting 
astrocytes” become “reactive astrocytes” with 
abnormal behavior. Reactive astrocytes are 
divided into the following two types: Al and A2. 
A1 loses the ability to promote neuronal survival, 
outgrowth, synaptogenesis, and phagocytosis 
and induces the death of neurons and oligoden- 
drocytes. A2 secretes substances that support 
neuron growth and keep neurons healthy and 
alive [233]. During aging, the expression of A2 is 


X. Zhang et al. 


increased. In older rats, astrocytes exhibit a neu- 
rotoxic form of reactive astrogliosis and upregu- 
late the expression of inflammatory genes which 
are characteristic of reactive astrogliosis and 
genes involved in synapse elimination pathways, 
but signal transducer and activator of transcrip- 
tion proteins (STAT3) is downregulated in aged 
rat brain tissue [234]. In addition, age-related 
metabolic alterations have been observed in 
astrocytes [235]. 

Neural vascular unit changes before the clini- 
cal pathology of the BBB in endothelial cells and 
radial glial cells, basement membrane and down- 
stream activation lead to neuronal dysfunction, 
nerve inflammation, and nerve degeneration. 
These changes can all be used as neurodegenera- 
tive disease biomarkers for the early detection of 
cognitive impairment. Previous studies have 
shown that the destruction of the integrity of the 
BBB is reversible. 
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Abstract 


Cognitive impairment has become an impor- 
tant aspect affecting the health and quality of 
life of middle-aged and elderly people, which 
is defined as the difficulty of thought process- 
ing and leads to memory loss, difficulties 
making decisions, the inability to concentrate, 
and difficulties learning. The process of cog- 
nitive ability decline with age goes through 
subjective cognitive impairment (SCI) to mild 
cognitive impairment (MCI). There is abun- 
dant evidence supporting the link between 
cognitive impairment and several modifiable 
risk factors, such as physical activity, social 
activity, mental activity, higher education, and 
management of cardiovascular risk factors 
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(diabetes, obesity, smoking, hypertension, and 
obesity). Meanwhile, these factors also pro- 
vide a new perspective for the prevention of 
cognitive impairment and dementia. 


Keywords 


Subjective cognitive impairment - Mild 
cognitive impairment - Risk factors 


11.1 The Syndrome of Cognitive 


Impairment 


Cognition is a type of human psychological 
activity that refers to the psychological process 
by which individuals recognize and understand 
information. Cognitive ability includes the ability 
to identify oneself and one’s environment, and 
involves perception, attention, learning, memory, 
thinking, and language [1]. Cognitive ability is 
the most important psychological aspect that sup- 
ports the successful accomplishment of various 
activities. In clinical practice, neuropsychologi- 
cal scales are used to measure cognitive func- 
tions, such as general cognitive abilities and 
cognitive domains [2]. Additionally, these scales 
enable the recognition and identification of some 
cognitive impairments that are difficult to detect 
during daily life. Cognitive impairment refers to 
the higher cortical dysfunctions caused by brain 
lesions such as neurodegeneration, vascular dis- 
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ease, mental illness, or brain damage caused by 
accidents [3]. The damage is not limited to indi- 
viduals of a certain age, sex, or other demo- 
graphic characteristics. 

Cognitive impairment is likely to occur at any 
stage during the lifespan development, especially 
in middle and old age. The progressive stages of 
cognitive impairment generally include normal 
cognitive decline with aging, asymptomatic 
stage, subjective cognitive impairment (SCI), 
mild cognitive impairment (MCI), and dementia. 
In 2019, there were an estimated 50 million peo- 
ple worldwide suffering from dementia, and this 
number is expected to rise to 152 million by 2050 
(https://www.alzint.org/resource/world- 
alzheimer-report%2D%2D2019/). Alzheimer’s 
disease (AD), a progressive neurodegenerative 
disease, is the most common type of dementia 
(60-80%) among older adults and is character- 
ized by memory loss, language problems, and 
other cognitive deficits [4]. 


11.1.1 Subjective Cognitive 
Impairment 


SCI is defined as cognitive impairment with only 
subjective, perceived impairments, but without 
objective deficits and appropriate concerns about 
memory loss [5]. At this stage, individuals expe- 
rience subjective memory loss (e.g., not remem- 
bering names or the placement of objects); 
however, the cognitive performance, as measured 
by psychological state tests, remains within the 
normal range. SCI was hypothesized more than 
20 years ago during the evolution of our under- 
standing of AD [6]. For example, a study in 1986 
estimated that the SCI phase lasted for an average 
15 years before the transition to MCI in the path- 
ological progression of AD [7]. The incidence of 
SCI is approximately 25-50% among older 
adults living in the community, and a higher prev- 
alence is associated with older age and lower 
education levels[8]. With the aging of the popula- 
tion and the evidence of SCI indicating non- 
typical cognitive decline and progressive 
dementia in some elderly individuals, SCI has 
attracted increasing attention. For example, older 
people with SCI are twice as likely to develop 
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dementia than those without SCI [9]. SCI affects 
the elderly who are concerned about memory 
decline and forgetfulness, lack of interest in life 
and activity participation, and worsens negative 
emotional symptoms. 


11.1.2 Mild Cognitive Impairment 


MCI, the intermediate stage between SCI and 
mild dementia, presents as both subjective and 
objective cognitive decline without affecting 
most daily life functions [10, 11]. The four clini- 
cal subtypes of MCI are amnestic MCI-single 
domain, amnestic MCI-multiple domains, non- 
amnestic MC]I-single domain, and non-amnestic 
MCI-multiple domains. Amnestic MCI is when 
significant clinical memory impairment exists 
but has not yet met the diagnostic criteria 
for dementia. Non-amnestic MCI refers to func- 
tional decline not related to memory which affects 
attention, use of language, or visuospatial skills. 
Amnestic MCI has a high possibility of progress- 
ing to AD, including both single and multiple 
domains, while the non-amnestic subtypes have a 
low possibility of progressing to non-AD demen- 
tia [12, 13]. 

MCI has gradually become one of the most 
important diseases affecting the health of the 
elderly. The annual conversion rate of MCI to AD 
is 10-15%, 5—6 times higher than that of normal 
elderly individuals who converted to AD, and 
more than 32% of patients progress to AD within 
5 years of an MCI diagnosis [10, 14]. The preva- 
lence of MCI varies from region to region. The 
prevalence of MCI is 22.2% among people aged 
71 years or older in the United States [15]. 
Furthermore, surveys in some countries with low 
and medium income found that the prevalence of 
MCI varied from 0.8% in China to 4.3% in India 
[16]. Another meta-analysis in 2018 showed that 
the pooled prevalence of MCI in the older 
Chinese population was 14.71% which covers 22 
provinces [17]. The prevalence was 16.72% in 
clinical samples and 14.61% in nonclinical sam- 
ples. According to the Beijing Brain Health 
Research Plan for the elderly, the incidence of 
MCT in the elderly residents of Beijing communi- 
ties is 15.7% [18]. Additionally, while MCI is 
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associated with a significant risk of developing 
dementia, not all patients with MCI will progress 
to dementia, as some patients will maintain mild 
cognitive impairment and approximately 18% of 
patients may convert to cognitively normal 
elderly individuals [19]. In recent years, a large 
number of basic and clinical studies have focused 
on predicting the transformation of MCI into 
AD. Although the etiology of the transformation 
remains unclear, this prediction is crucial for the 
diagnosis and early treatment of dementia. 

Cognitive impairment has become an important 
disease affecting the health and quality of life of 
middle-aged and elderly adults. It might be a short- 
term problem or a permanent condition. The mani- 
festations of cognitive impairment include not only 
memory disorders, language impairment, attention 
impairment, execution function impairment, and 
visual-spatial disorders but also emotional and 
behavioral disorders such as anxiety, depression, 
psychomotor agitation, and impulse control disor- 
der [3]. These emotional and behavioral disorders 
are also the causes of disability. Cognitive impair- 
ment associated with aging has emerged as one of 
the major challenges in public health. 


11.2 Risk and Protective Factors 
for Cognitive Impairment 


A decrease in childhood education and exercise, 
reduced social interactions, increased smoking, 
the emergence and deterioration of hearing loss, 
depression, diabetes, hypertension, and obesity 
all potentially contribute to the generation or 
aggravation of cognitive impairment. 


11.2.1 Cardiovascular Risk Factors 


Prevention ameliorates modifiable risk factors 
and has a greater benefit than treatment alone. 
Any future treatment for cognitive impairment 
will not eliminate the necessity for its effective 
prevention. In a published study on risk factors, 
mid-life has been well defined as 45—65 years 
and later life as older than 65 years. We have used 
these demarcations throughout this chapter for 
consistency, but these risks are often related to 


the life course. Meanwhile, this chapter will 
focus on well-established cardiovascular risk fac- 
tors for dementia, including diabetes, mid-life 
hypertension, and mid-life obesity [20]. 
11.2.1.1 Diabetes, Mid-Life 
Hypertension, and Mid-Life 
Obesity 
Cognitive impairment usually presents in people 
aged over 65 years, when comorbidities occur at 
a relatively higher rate. At this age, age-related 
physical health problems and cognitive impair- 
ment usually co-occur. This co-occurrence is due 
to some physical problems, such as diabetes and 
hypertension, which increase the risk of vascular 
cognitive impairment; thus, mixed cognitive 
impairment is more likely to occur. The greater 
the risk of cardiovascular disease in an individ- 
ual, the more likely they are to develop cognitive 
impairment. This relationship is probably related 
to a lack of elasticity and restoration, which con- 
tributes to all the issues mentioned above [21]. 
Among vascular risk factors, hypertension 
had the highest population attributable fraction 
(PAF), but all individuals who had PAF were 
below 5% [22]. Obesity is associated with predi- 
abetes and metabolic syndrome, which is charac- 
terized by insulin resistance and high 
concentrations of peripheral insulin. Peripheral 
insulin anomalies are believed to cause a decrease 
in brain insulin production, which impairs amy- 
loid clearance. An increase in inflammation and 
high blood glucose concentrations might also be 
the mechanisms of diabetes-impaired cognition. 


11.2.2 Genetic Factors 


Genetic factors contributing to cognitive impair- 
ment are complex. The APOE e4 allele is the 
genetic factor that prominently increases vulner- 
ability to late-onset AD [23]. Carriers of APOE 
e4 heterozygotes have a three times higher risk of 
AD, and 15 times higher risk than APOE e€3 
homozygotes. APOE e4 alone is not the cause of 
AD, and testing for the allele is not clinically rec- 
ommended as a diagnostic method for 
AD. Approximately half of young-onset familial 
AD cases are associated with mutations in the 
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amyloid-B precursor protein, presenilin 1 (PSZ), 
or PS2 genes. Several genes influencing fronto- 
temporal dementia have been verified, including 
the microtubule-associated protein tau and 
C9ORF72. In addition, the clinical suggestions 
of these certain diagnoses are not adequately 
clear for daily testing. Testing of patients with 
non-genetic dementia and at-risk relatives is not 
regularly conducted and should only be per- 
formed with complete informed consent after 
genetic counseling has been provided. 


11.2.3 Lifestyle Risk Factors 


Impairments in psychological and physical func- 
tion are affected by exercise or social activities 
[24]. The emergence of these health and social 
challenges influences diagnosis, prognosis, the 
acceptance of treatment, and the necessity for 
health and social care in populations with cogni- 
tive impairments. 


11.2.3.1 Smoking 

Consistent with previous analyses, smoking had 
the third-highest PAF [25]. The association 
between smoking and cardiovascular pathology 
might explain cognitive impairment. However, 
cigarette smoke also contains neurotoxins, which 
may increase the risk of cognitive impairment 
[26]. Interventions are being implemented to 
reduce smoking habits in some countries, 
although smoking appears to have increased in 
the eastern Mediterranean and Africa [27]. 


11.2.3.2 Diet 

Individuals who adopt a Mediterranean diet (low 
intake of meat and dairy, high intake of fruit, veg- 
etables, and fish) have reduced plasma glucose 
and serum insulin concentrations, insulin resis- 
tance, markers of oxidative stress, inflammation, 
and vascular risk factors. A total of 447 healthy 
subjects, with an average age of 67 years, at high 
cardiovascular risk but with no substantial cogni- 
tive impairment or cardiovascular disease were 
randomly allocated to three dietetic groups [28]. 
The first group consumed the Mediterranean diet 
accompanied by additional virgin olive oil (1 L 
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per week); the second group consumed a 
Mediterranean diet supplemented with mixed 
nuts (30 g per day); and the third group consumed 
the control diet (advised to reduce dietary fat 
intake). Urine testing was performed to deter- 
mine whether the participants adhered to the 
dietary intervention. In the main analysis of com- 
bined cognitive alterations over 4 years, subjects 
in the intervention groups had better cognitive 
results than the control group. Significant differ- 
ences in the number of patients developing MCI 
were not observed between the three groups 
using a subordinate analysis, and no subjects 
developed dementia, indicating that this interven- 
tion method might influence cognitive aging but 
not dementia syndrome [27]. 

A healthy lifestyle, such as not smoking, regu- 
larly eating fruits and vegetables, and exercise, 
can extend life expectancy and maintain health 
during aging, leading to increased attention on 
the cognitive effects of physical activity. 


11.2.3.3 Physical Activity 

Older adults who exercise are more likely to 
maintain better cognitive function than those who 
do not exercise. Observational research has 
revealed an inverse correlation between physical 
activity and the risk of dementia. Outcomes of 
one meta-analysis of 15 follow-up studies inves- 
tigating 33,816 older people without dementia 
indicated that physical activity exerted a valid 
protective effect on cognitive impairments [29]. 
Another meta-analysis comprised of 16 studies 
involving 163,797 individuals without dementia 
showed that the relative risk (RR) of dementia in 
the highest physical activity groups was signifi- 
cantly lower than that in the lowest groups [30]. 
Physical activity benefits seniors without demen- 
tia, for example by improving balance, mood, 
and physical functioning and reducing mortality. 
Engaging in physical activity regularly in mid- 
life is also associated with improvements in cog- 
nitive functioning. Physical activity is assumed to 
exert a neuroprotective effect, possibly by ame- 
liorating the decreased levels of brain-derived 
neurotrophic factor cortisol and vascular abnor- 
malities [31]. 
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11.2.4 Other Risk Factors 


Preliminary evidence on other potentially modifi- 
able risk factors, including education, brain 
injury, and hearing, has been published respec- 
tively. All these factors might be important for 
mild cognitive impairment. 


11.2.4.1 Years of Formal Education 

A low educational level is proposed to be a risk 
factor for cognitive impairment because of a 
lower cognitive reserve, which allows people to 
retain function despite brain pathology. However, 
researchers have not confirmed whether educa- 
tion after secondary school is also a protective 
factor. A longitudinal study found that education 
was not associated with overall cognitive changes 
due to the non-neuropathological burden, nor 
was it associated with a higher neuropathological 
burden or a faster rate of cognitive decline [32]. 


11.2.4.2 Traumatic Brain Injury 

The most common brain injury is a non-repetitive 
traumatic brain injury. The largest cohort study of 
traumatic brain injury confirmed that a history of 
traumatic brain injury (defined as >1 h loss of 
awareness) was not related to either a greater risk 
of the progression of dementia or AD nor 
increased plaques and tangles in the 1589 sub- 
jects who underwent an autopsy. However, trau- 
matic brain injury was linked to the development 
of Parkinson’s disease and Lewy body pathology 
[33]. 

A meta-analysis of seven studies that followed 
patients at least 1 year after traumatic brain injury 
found that traumatic brain injury was not related 
to the growth of risk of dementia. However, trau- 
matic brain injury accelerated the risk of AD. The 
meta-analysis also showed that there is no signifi- 
cant difference in risk between single and repeti- 
tive traumatic brain injury [34]. 


11.2.4.3 Sleep Disorders 

Sleep disorders have been the focus of many 
studies due to their role in the development of 
cognitive impairment. Sleep may facilitate the 
repair of injuries caused by other factors; how- 
ever, considering the deficiency of adequate con- 


sistent and high-quality proof or systematic 
reviews, scientists still cannot include sleep in 
their calculations of PAF. 


11.2.4.4 Hearing Loss 

An acknowledgment of hearing loss as a risk fac- 
tor for dementia is relatively new and has not 
been included in previous calculations of PAF or 
considered a precedent in the determination of 
those at risk of impaired cognition. Outcomes of 
cohort studies including hearing as a risk factor 
have usually found that even mild hearing loss 
increases the long-term risk of cognitive impair- 
ment and dementia in individuals who are cogni- 
tively healthy but hearing-impaired at baseline. 
However, 11 optimistic studies have discussed 
the effect of hearing loss on the risk of dementia. 
The results of the two studies showed no increased 
risk in adjusted analyses [35, 36]. 

The effect of hearing loss on the risk of cogni- 
tive decline in a meta-analysis is higher than the 
risks imposed by other single risk factors and is 
also relevant to a large number of people due to 
its extremely widespread incidence, which occurs 
in 32% of older subjects. The high RR and occur- 
rence clarify the high PAF. Researchers used the 
prevalence of hearing loss in people older than 
55 years to calculate PAF since this age was the 
youngest average age at which the occurrence of 
hearing loss was shown and increased the risk of 
dementia [37]. Hearing loss is then clustered with 
mid-life risk factors; moreover, evidence indi- 
cates that the dementia risk in later life remains 
increased. 

The mechanism underlying cognitive decline 
related to peripheral hearing loss is still unclear; 
it is unproven whether the amendment, such as 
hearing aids, can inhibit or postpone the onset of 
dementia. Older age and microvascular pathol- 
ogy increase the risk of both peripheral hearing 
loss and dementia, and possibly then confound 
their relation. The hearing loss probably either 
increases the cognitive load of a sensitive brain 
which causes changes in the brain or brings 
depression or social disengagement and brain 
atrophy, which could lead to accelerated cogni- 
tive impairment [38]. 
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11.2.4.5 Mental Disorder 

Depressive symptoms may be a part of the clini- 
cal manifestation of impaired cognition, which 
has caused discussion as to the orientation of the 
following reason: whether depression is an ante- 
cedent symptom or a separate risk factor for cog- 
nitive impairment. One study with long times of 
follow-ups indicated a connection between the 
number of depressive episodes and the risks of 
cognitive impairment, which supports the claims 
that depression is an independent risk factor for 
impaired cognition. However, a cohort study that 
followed for 28 years showed that only in the 
10 years preceding the onset of dementia did peo- 
ple with dementia had higher depressive symp- 
toms than people without dementia. This suggests 
that mid-life depression is not an independent 
risk factor for impaired cognition. Whereas, it is 
still unclear whether the more severe depressive 
symptoms found in people who progress to 
dementia are an early reason for dementia. From 
the biological perspective, the emergence of 
depression probably increases the risk of cogni- 
tion impairment because it influences stress hor- 
mones or neuronal growth factors [39]. 
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With the growth of the aging population, more 
age-related diseases endanger the health of the 
elderly, and therefore more research attention 
has been put on Alzheimer’s disease and 
dementia. Dementia does not only posing a 
serious threat to basic daily living in old age 
but also impose a greater burden on social and 
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Alzheimer’s disease and develop effective 
medicine to prevent or mitigate its onset. 
Currently, many related mechanisms of 
the pathogenesis of Alzheimer’s disease have 
been proposed, such as beta-amyloid (A) the- 
ory, Tau protein theory, and nerve and blood 
vessel theory. In addition, from the perspec- 
tive of improving cognitive function and 
controlling mental state, dementia-related 
therapeutic drugs were developed, such as 
anti-amyloid agents, amyloid vaccine, tau 
vaccine, and tau-aggregation inhibitor. These 
theories of pathogenesis and the development 
of drugs provide valuable experience to lift the 
veil of cognitive disorders in the future. 


Keywords 


Alzheimer’s disease - Pathogenesis hypoth- 
eses - Drug therapy - Clinical trials 


12.1 Hypotheses 


of the Pathogenesis 
of Dementia 


Institute of Basic Research in Clinical Medicine, 
China Academy of Chinese Medical Sciences, 
Beijing, China 


Alzheimer’s disease (AD) is the most common 
form of dementia with aging and a progressive 
neurodegenerative disorder in the presenium and 


Beijing Aging Brain Rejuvenation Initiative (BABRI) senium. Unfortunately, the pathogenesis of AD is 


Centre, Beijing Normal University, Beijing, China 


© Springer Nature Singapore Pte Ltd. 2023 157 
Z. Zhang (ed.), Cognitive Aging and Brain Health, Advances in Experimental Medicine and 
Biology 1419, https://doi.org/10.1007/978-98 1-99-1627-6_12 


158 


not yet fully understood. Some researchers con- 
sider AD as a complicated heterogeneous disease, 
and the incidence is related to the involvement of 
multiple factors, including heredity factors, neu- 
rotransmitters, immune factors, and environmen- 
tal factors. Many theories have been proposed 
based on numerous AD research, and recently, 
research has mainly focused on the amyloid-B 
(AB) theory, tau protein theory, and nerve and 
blood vessel theory. All the theories provide 
unique interpretations of the pathogenesis of AD. 


12.1.1 Amyloid Cascade Hypothesis 


An important pathological feature of AD is the 
presence of a large number of senile plaques 
(SPs) in the brain, of which Af is one of the main 
components. AB is a small fragment formed by 
the proteolytic cleavage of a large protein named 
amyloid precursor protein (APP). APP is a trans- 
membrane protein that passes through the fatty 
acid membrane [1]. The activation of APP leads 
to its cleavage, followed by a series of reactions 
to form oligomers, fibrils, plaques, and B-sheets, 
which leads to the aggregation of AB and the dis- 
ruption of cellular communication and inflamma- 
tory responses. 

AB, such as As and AB, is available in mono- 
mers, dimers, higher oligomers, and fibrillary 
polymers. AB, is one that accumulates early in the 
brain and has a high tendency to form amyloid 
plaques and deposits. Researchers assumed that 
AB deposition has a neurotoxic effect and 
causes progressive neurodegeneration. Meanwhile, 
the resultant changes in the functional neural cir- 
cuits can lead to cognitive and behavioral symp- 
toms of AD. Lastly, oligomers formed by AB also 
have separate neurotoxic effects and can cause 
damage to normal synaptic function [2]. 

The amyloidogenic hypothesis has been modi- 
fied occasionally in the past. Initially, the hypoth- 
esis referred to amyloid plaque formation and 
deposition as the major cause of AD. Later, more 
refined hypotheses focused on increasing levels of 
Aß42 with an increased ratio of AB42/AB40. 

Through the increase of Af production, 
changes in Aß42/Aß40 ratios, increased AB 
deposition, and reduced Af clearance, the brain 
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gradually accumulates AB, resulting in the for- 
mation and precipitation of senile plaques, 
resulting in increased inflammatory responses, 
microglial activation, cytokine release, and 
astrocytosis [3]. These responses are closely 
associated with progressive neurotic injury, 
neuronal deficits, and cognitive dysfunction. 
High concentrations of the AB protein also cause 
dendritic and axonal atrophy, followed by neu- 
ronal death. The levels of insoluble Af are cor- 
related with cognitive decline. Individuals with 
AB accumulation often show symptoms of AD, 
such as cognitive decline. 

Several genetic factors could increase AB pro- 
duction and deposition. Genetic mutation and 
polymorphism of presenilins (PSEN1 and 
PSEN2) are the most important factors that could 
raise the levels of AB [4]. PSEN1 and PSEN2 
encode for presenilin 1 and 2 genes, respectively. 
Presenilins are the catalytic subunit of y-secretase 
responsible for cleavage of APP to Af [5]. 


12.1.2 Hyperphosphorylated Tau 
Protein 


The tau protein is one of the components of 
microtubule-associated protein (MAP). MAP 
and tubulin form microtubules. Microtubules are 
an important component of cytoskeletal proteins 
in neurons, which is involved in the transport of 
Af in the cell body and axon nutrients in the 
axon. The main function of tau is to stabilize 
microtubules, which is particularly important for 
neurons, since microtubules serve as transport 
pathways for cargo in dendrites and axons [6]. 
Intracellular tau-containing neurofibrillary 
tangles (NFTs) are an important pathological fea- 
ture of AD [7]. Pathological NFTs are mainly 
composed of hyperphosphorylated tau proteins. 
In individuals with AD, the hyperphosphorylated 
tau proteins enter insoluble intracellular NFTs 
and fail to bind to the microtubules in the brain 
cells. These hyperphosphorylated tau proteins 
interact with each other and form knots called 
NFTs, which destroy neuronal plasticity and lead 
to neurodegeneration. Abnormally phosphory- 
lated tau protein is insoluble, and also has a low 
affinity with microtubules, leading to abnormal 
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cytoskeletal protein structures and affecting sig- 
nal transmission within and between neurons [8]. 

The levels of total tau and phosphorylated tau 
in the cerebrospinal fluid of patients with AD 
were both found to be increased [9], which was 
also associated with a decrease in neuropsycho- 
logical test scores. Increased levels of total tau 
and phosphorylated tau in cerebrospinal fluid are 
an important clinical indicator of the progression 
of MCI to AD [10]. Tau abnormalities are com- 
mon in individuals with other neurodegenerative 
disorders, such as frontotemporal dementia, mul- 
tiple system atrophy, and corticobasal degenera- 
tion [11]. 


12.1.3 The Role of Inflammation 


The occurrence and development of AD are 
accompanied by a chronic inflammatory response 
that damages brain tissue and is mainly associated 
with microglia and astrocytes. Active microglia 
and astrocytes have been detected in the SP of 
patients with AD. Microglial cells initially reduce 
Af levels through phagocytosis, but when their 
activity increases, chemokines initiate a “cas- 
cade” reaction that releases inflammatory cyto- 
kines, resulting in neuronal damage [6]. Microglia 
express receptors for advanced glycation end 
products (RAGE), which binds to AB and 
increases the production of cytokines, glutamate, 
and nitric oxide (NO). Additionally, they enhance 
the neurotoxic effect and inflammatory response, 
which results in decreased learning and memory 
ability. Activated glial cells aggravate AD by 
releasing reactive products of the acute phase of 
inflammation, such as alpha 1-antichymotrypsin, 
beta 2-macroglobulin, and C-reactive protein. 
Both patients with AD and animal models exhibit 
the over-activation of microglia that causes neuro- 
inflammation, leading to neuronal death. 
Microglia are highly specialized histological 
macrophages in the central nervous system 
(CNS), similar to the peripheral mononuclear 
phagocytic system in terms of function and origin 
[7]. Microglia in the circumference of AB plaques 
have an M1 phenotype and are activated to pres- 
ent an inflammatory or neurotoxic phenotype that 
inhibits the M2 phenotype. 
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12.1.4 Synaptic Pathology 


Age-related synaptic deficits primarily occur in 
the dentate gyrus of the hippocampus [8]. In 
patients with AD, the degree of synaptic deficits in 
a specific location, such as the hippocampus, has 
the strongest relationship with cognitive decline. 
These changes are associated with N-methyl-p- 
aspartate receptors (NMDAR) activation and oxi- 
dative stress, which result in AD pathology. 

NMDARs are gated cation channels, which 
play important roles in excitatory transmission, 
synaptic integration, learning, and memory in the 
CNS. NMDAR activation, excessive Ca’ flux, 
and free radical generation are associated with 
synaptic dysfunction and tau phosphorylation 
[9]. Therefore, damage to NMDARs and synaptic 
function may be involved in the pathogenesis of 
AD at the synaptic level. 

Meanwhile, previous researchers indicated 
that synaptic loss was the secondary change of 
protein denaturation; however, Hong et al. found 
that synapses could be already reduced at the 
beginning of AD and it may begin earlier than the 
formation of plaques [10]. 


12.1.5 Reactive Oxygen Species 
and Oxidative Stress 


Compared to other organs, neuronal cells are more 
vulnerable to free radical damage due to high oxy- 
gen consumption and a lack of antioxidant enzyme 
activity [11]. With aging, oxidative stress in the 
brain is intensified, and in severe cases, the protein 
folding function of the endoplasmic reticulum is 
impaired. Protease activity and autophagy that 
mediate the removal function of damaged proteins 
are also decreased, which promotes the accumula- 
tion of AB deposits and tau proteins, finally lead- 
ing to the occurrence of AD. 

Oxidative stress is mainly caused by increased 
levels of reactive oxygen species (ROS) and/or 
reactive nitrogen species, including superoxide 
radical anions (O77), hydrogen peroxide (H203), 
hydroxyl radicals (HO-), and nitric oxide (NO) 
[12]. In patients with AD, neurons showed signifi- 
cant oxidative damage and a reduction in the num- 
ber of mitochondria, which are major contributors 
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to ROS generation. The overproduction of ROS 
and/or an insufficient antioxidant defense leads to 
oxidative stress. Before the appearance of clinical 
symptoms of AD and abnormal Af deposition, 
ROS production increases due to mitochondrial 
damage [13]. The number of mitochondria 
decreased significantly in AD patients. Several key 
enzymes are involved in oxidative metabolism, 
including «-ketoglutarate (a-KG) dehydrogenase. 
Pyruvate metabolism also shows reduced levels or 
activity in AD. In addition, oxidative stress has 
been found to be directly related to neuronal dys- 
function of AD both in vitro and in vivo [14]. 

In the brain of AD patients, superoxide free 
radicals are released due to mitochondrial dys- 
function, which leads to oxidative stress. The 
superoxide anion free radicals, NO, aldehydes, 
carbonyl, and nitryl derivatives have neurotoxic 
effects, which can cause increased calcium mem- 
brane permeability, imbalance of a variety of 
ions, and impaired glucose transport, which 
results in energy metabolism disorders and leads 
to neurodegeneration. 


12.1.6 The Vascular Hypothesis 


According to the vascular hypothesis, AD is 
caused by age-related chronic brain hypoperfu- 
sion [15]. This process occurs because sustained 
and inadequate cerebral blood flow (CBF) in 
elderly individuals reaches a critical threshold 
where brain cells no longer cope with the dwin- 
dling energy supply being delivered, thus creat- 
ing a neuronal energy crisis [16]. In addition, 
continuous hypoperfusion is an important factor 
in the occurrence of AD, which reduces the 
energy supply of brain cells, resulting in neuronal 
metabolism decline, oxidative stress, cognitive 
decline, neurodegeneration, AD, and death. 
Long-term hypoperfusion of the brain not 
only causes changes in many biomolecules in the 
brain but also systematically reduces the supply 
of oxygen and glucose, leading to an energy 
crisis in nerve cells characterized by oxidative 
and ischemic hypoxia. Based on previous studies 
on aged rats, mechanically reducing CBF in aged 
experimental animals for 12 months causes a 
range of cognitive impairments, beginning with 
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mild memory loss and learning disabilities, fol- 
lowed by loss of neurons in the hippocampus and 
posterior cingulate cortex, gliosis, severe mem- 
ory loss, and extensive atrophy of the posterior 
parietal cortex [17]. These findings were also 
confirmed in other studies [18, 19]. 

Small vascular lesions of varying degrees in 
the cerebral cortex and deep basal ganglia in the 
white matter have been observed in 60-90% of 
patients with AD. The main pathological changes 
include the deposition of AB in the middle and 
outer membrane of the small vascular wall in the 
cerebral cortex and the pia. Some patients also 
present blood-brain barrier (BBB) destruction 
and macrovascular atherosclerosis. The deposi- 
tion of AB in the small vessel wall aggravates 
cerebral vasospasm, which reduces CBF and 
leads to an insufficient local energy supply [20]. 

The homeostasis of the microenvironment and 
metabolism in the brain relies on the support of 
intact vascular structures. Disorders of blood ves- 
sels can cause brain disorders and diseases. 
Cerebrovascular diseases and neurodegenerative 
diseases (AD) are characterized by changes in 
cerebrovascular function. Neuroimaging studies 
in AD patients have shown that neurovascular 
dysfunction is detected before neurodegeneration 
[21]. In addition to abnormal angiogenesis and 
aging of the cerebrovascular system, the faulty 
clearance of AB across the BBB can lead to neu- 
rovascular uncoupling and cause brain hypoper- 
fusion, brain hypoxia, and neurovascular 
inflammation, ultimately leading to neuronal 
dysfunction and loss. 


12.1.7 The Cholesterol Hypothesis 


The brain contains 23% of the total body choles- 
terol content [22], and brain cholesterol is consid- 
ered essential for cell maintenance, neuronal 
transmission, and synapse formation. Cholesterol 
in nerve cells is mainly derived from astrocytes. 
Synthetic cholesterol is delivered to nerve cells via 
the cholesterol transporter protein APOE, which 
also secretes cholesterol. Cholesterol is high in the 
brain, which insulates axons and is an important 
component of dendritic spines. Cholesterol sup- 
plementation improves cognitive performance. 
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Cholesterol levels in the brain are independent 
of peripheral tissue levels because the BBB blocks 
the flow of peripheral cholesterol entering the 
CNS. Although a high-fat/high-cholesterol diet 
significantly raised blood cholesterol levels, there 
was no change in brain cholesterol levels in animal 
models [23]. However, cholesterol metabolites 
induce increased AB accumulation and cognitive 
decline in animal models of AD on a high-fat diet. 
Brain cholesterol is thought to function in the 
brain through these cholesterol metabolites. These 
molecules could explain the relationship between 
blood and brain cholesterol levels. 

The maintenance of cholesterol homeostasis is 
essential for normal neuronal function and brain 
development. In neurons, the brain-specific enzyme 
cholesterol 24-hydroxylase (CYP46A1) converts 
excess cholesterol into 24-hydroxycholesterol (24- 
OH), which may diffuse across the BBB [24]. 
When 24-OH flows from the brain into the periph- 
eral circulation, 27-hydroxyl cholesterol (27-OH) 
also flows into the brain. 

24S-OH levels are related to cholesterol levels 
in the brain. Both 24S-OH and 27-OH are con- 
sidered to be physiological inhibitors of brain 
cholesterol biosynthesis. Several studies have 
shown that 27-OH may accelerate cognitive defi- 
cits in individuals with AD under conditions of 
hypercholesterolemia, where higher cholesterol 
levels result in an increased influx of 27-OH into 
the brain [25]. 

Other hypotheses indicate cholesterol is nec- 
essary for the synthesis of nerve cell membranes 
and the processing of APP into AB. When choles- 
terol is excessive, membrane lipid transport is 
reduced, and this leads to the increased produc- 
tion and aggregation of AB and decreased clear- 
ance, which leads to the occurrence of AD. 


12.1.8 Hypothesis of Metal 
Accumulation in the Brain 


Biometals play an important role in AD and may 
directly or indirectly influence its pathogenesis. 
Metal ions related to the biological function of 
organisms are regarded as biometals. In the CNS, 
biometals such as copper, zinc, and iron are 
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important cofactors for enzymatic activity, mito- 
chondrial function, and neuronal function. In a 
healthy brain, free metal ions are tightly regu- 
lated and maintained at a very low level. 
Biometallic ions are involved in the polymeriza- 
tion and toxicity of AB. The relationship between 
biological metals and AD has been extensively 
studied. Moreover, evidence of the dyshomeosta- 
sis of biometals in the brain from individuals 
with AD has been reported respectively. 
Biometals, especially zinc and copper, are 
directly coordinated by AB accumulation [26]. 
Serum levels of copper, which are not associated 
with ceruloplasmin, are elevated in patients with 
AD. In addition, the Muni-mental State 
Examination (MMSE) score decreased with the 
increase in serum copper concentration. The 
important role of biomaterials in AB production 
has been studied in many animal models. A small 
amount of Cu”™ added to drinking water was suf- 
ficient to induce AB accumulation and the subse- 
quent formation of plaques, followed by learning 
disabilities and cognitive impairment [27]. 
During normal aging, the substantia nigra, puta- 
men, globus pallidus, caudate nucleus, and other 
parts of the brain have obvious accumulation of 
iron. An increase in the level of iron in AD 
patients was first demonstrated in 1953 [28]. 
More recently, iron accumulation in AD has been 
identified by magnetic resonance imaging (MRI) 
and is mainly localized to certain brain areas, 
such as the parietal cortex, motor cortex, and hip- 
pocampus. Studies of gene mutations that affect 
iron metabolism suggest that the dyshomeostasis 
of iron plays an important role in neuronal death 
that occurs in neurodegenerative disorders [29]. 
Increased iron load promoted the generation of 
AB neurons, which exacerbated the cognitive 
decline of transgenic AD mice [30]. There is evi- 
dence that iron regulatory elements have a direct 
effect on the production of APP [31]. 

Iron deficiency anemia is one of the most com- 
mon clinical diseases. Thus, iron deficiency may 
partially account for hypometabolism in AD 
since women with iron deficiency anemia have a 
higher prevalence of dementia. 

Exley et al. hypothesized that Al in the brain 
of AD patients may be related to AB and Al can 
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precipitate AB in vitro into fibrillar structures; in 
addition, Al is known to increase the AB burden 
in the brain of treated animals, possibly because 
Al directly or indirectly affects AB anabolic and 
catabolic metabolism [32]. The role of Al in AD 
needs to be further elucidated. 


12.1.9 Hypothesis of Impaired 
Insulin Signaling 


Hyperglycemia is another risk factor for AD. 
Patients with type 2 diabetes (T2D) have an 
increased risk of dementia, including vascular 
dementia (VD) and AD. The largest and most 
recent meta-analysis of 6184 patients with diabe- 
tes and 38,350 people without diabetes [33], 
showed that while the insulin levels in peripheral 
blood increased in patients with severe AD, but 
the glucose clearance capacity also decreased. 
The insulin receptor and glucose transporter lev- 
els in the brain were significantly decreased. The 
neurons of patients with AD are vulnerable to 
damage because the energy-stressed neurons 
have disrupted glucose utilization. Insulin resis- 
tance leads to neuronal energy deficiency, oxida- 
tive stress, and metabolic damage that affect 
synaptic plasticity. 


12.1.10 Cell Cycle Hypothesis 

Recently, an obstacle to the normal cell cycle 
inhibition mechanism in the pathogenesis of 
AD has been proposed, which is the cell cycle 
reversion obstacle theory [34]. Markers of an 
abnormal cell cycle have been detected in indi- 
viduals with all phases of AD and mild cogni- 
tive impairment (MCI), with a large number of 
cells in G1-S phase. This stage of DNA replica- 
tion may have been completed with tetraploid 
neurons, where cyclins are activated. After cul- 
tured cortical cells in the brain expressed AB, 
astrocytes were activated, which in turn acted 
on neurons, causing a disruption of the cell 
cycle of differentiated neurons. Abnormal 
expression of cycle-related proteins in neurons 
from the brain of patients with AD may be 
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related to AD-related pathological changes in 
neurons. 


12.1.11 Cholinergic 


Hypothesis 


The cholinergic hypothesis was proposed by 
Davies and Maloney in 1976 [35]. They com- 
pared the activities of the key enzymes involved 
in the synthesis of neurotransmitters, including 
acetylcholine, y-aminobutyric acid, dopamine, 
noradrenaline, and 5-hydroxytryptamine, in the 
brains of individuals with AD and control sub- 
jects. The activity of choline acetyltransferase in 
the brains of subjects with AD was substantially 
reduced in the amygdala and hippocampus, and 
the concentration of acetylcholine was decreased 
at synapses, even affecting synaptic function. 
Choline acetyltransferase is a key enzyme 
involved in the synthesis of acetylcholine, and its 
catalytic activity requires the substrates choline, 
acetyl-CoA, and adenosine triphosphate (ATP) 
[36]. This is the first time that AD has been found 
to be due to the disruption of the cholinergic sys- 
tem. This finding has also been observed in indi- 
viduals with other neurological and psychiatric 
disorders, such as Parkinson’s disease (PD) and 
depression. 


12.2 Status and Progress of Drug 
Therapy 


12.2.1 Current Status of Drug 
Therapy 

12.2.1.1 Improving Cognitive 

Function 


Cholinesterase Inhibitors 

No decrease in the incidence of AD was observed 
when cholinesterase inhibitors were routinely 
used. A large amount of evidence on the use of 
galantamine, rivastigmine, and donepezil as 
treatments for AD was summarized in the 2006 
review from the Cochrane collaboration [37]. At 
optimum doses, all cholinesterase inhibitors dis- 
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play a modest advantage in improving cognition 
compared with the placebo. Since 2006, the stud- 
ies delivered have validated the cognitive advan- 
tage of cholinesterase inhibitors. Advantages in 
terms of global changes, as measured by a clini- 
cian with caregiver involvement, and activities of 
daily life living have also been observed. An 
updated Cochrane review on rivastigmine usage 
in individuals with AD found a similar but 
slightly smaller effect [38]. The small difference 
in behavioral symptoms measured using a neuro- 
psychiatric test is not clinically significant. 
Therefore, this finding might be specific to peo- 
ple with fairly limited symptoms. Cholinesterase 
inhibitors are adequately and clinically valid and 
cost-effective; thus, National Institute for Health 
and Care Excellence (NICE) has advised the use 
of any of cholinesterase inhibitors for the man- 
agement of mild-to-moderate AD. Donepezil, 
galantamine, rivastigmine, and memantine are 
used to treat AD. Cholinesterase inhibitors are 
comparatively well tolerated; nevertheless, 
adverse events occurring in patients receiving 
these medications include vomiting, nausea, diar- 
rhea, vivid dreams, and leg cramps. These adverse 
events account for higher withdrawal rates in par- 
ticipants receiving cholinesterase inhibitors than 
in control groups receiving placebos. 


Memantine 

Memantine is a non-competitive modulator of the 
N-methyl-D-aspartate receptor that renormalizes 
glutamatergic neurotransmission. It inhibits 
excitatory amino acid neurotoxicity. The doses 
are generally specified to be up to 20 mg per day. 
A meta-analysis summarized 3 trials with over 
1000 patients with moderate-to-severe AD 
(MMSE 3-14) and 3 unpublished papers which 
involve approximately 1000 patients with mild- 
to-moderate AD, where all trials lasted for 
6 months. In the moderate-to-severe set, there 
was a small advantageous effect on cognition, 
activities of daily life living, average standards of 
neuropsychiatric signs, and total measurement. 
Beneficial effects on cognition were shown in the 
mild-to-moderate group, but no effects on behav- 
ior or daily activities. Two trials of memantine in 
patients with mild-to-moderate Lewy body 
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dementia found that the drug improved global 
cognition. Based on the meta-analysis, two agree- 
ment consensus panels made cautious positive 
recommendations that the combination of 
memantine and cholinesterase inhibitors in 
patients with moderate to severe AD had no sig- 
nificant effect on global cognition, or neuropsy- 
chiatric symptoms, but significantly reduced the 
incidence of adverse events [39]. 


12.2.1.2 Control of Mental Symptoms 
Neuropsychiatric symptoms are very common in 
patients with dementia; they are mostly related to 
the severity of dementia and influence almost 
every person with dementia. While many differ- 
ent symptoms still exist and regularly co-occur, 
numerous models of different symptoms, e.g., 
psychotic and affective, have been established. 


Antipsychotics for Agitation 

Antipsychotics were the first choice of medicines 
for agitation in patients with dementia. 
Risperidone with a daily dose of no more than 
1 mg enhanced agitation and psychotic symp- 
toms, especially when aggression was the objec- 
tive symptom. Haloperidol also influences 
aggression but not additional symptoms of agita- 
tion. Olanzapine and quetiapine did not cure psy- 
chosis, aggression, or agitation, but aripiprazole 
improved the condition of agitation. Withdrawal 
trials of antipsychotics have not observed an 
effect on agitation or neuropsychiatric symp- 
toms, except for patients with the most severe 
symptoms [40]. 


Antihypertensive Drugs 

A trial of the antihypertensive agent indapamide 
in combination with perindopril was conducted 
among people older than 80 years without 
impaired cognition who presented with hyperten- 
sion (defined as 160—200/<110 mm Hg). The trial 
stopped early since a reduction in stroke and 
mortality rates in the treatment set indicated that 
it was immoral to continue administering the pla- 
cebo [41]. However, when these data were syn- 
thesized into a meta-analysis with the other 
placebo-controlled trials of antihypertensive 
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treatment, the joint risk ratio for dementia favored 
treatment (HR 0.87, 95% CI 0.76-1.00). 


12.2.2 Progress in AD Clinical Trials 


12.2.2.1  Anti-Amyloid Agents 
Decreasing AB Production 
Given the relevance of cerebral amyloidogenesis 
with AD, several drugs have been developed to 
decrease AB production by inhibiting the prote- 
ases that cleave AB from its precursor, preventing 
Af aggregation or increasing AB clearance. The 
goals are to delay clinical progression in patients 
with AD. Despite the preclinical rationale, no 
therapy has consistently shown a benefit for 
patients with AD. 

y-Secretase-based approaches were the first 
agents to show promising disease-modifying 
effects on AD. These drugs were able to reduce 
the cerebral amyloid burden and improve mem- 
ory deficits in mouse models of AD [42]. Clinical 
trials showed a significant improvement in cogni- 
tive deficits in individuals with mild to moderate 
AD [43]. However, in most cases, side effects 
limit the dose of the therapy and increase the risk 
of serious adverse events in patients with mild to 
moderate AD [39]. 


Prevention of AB Aggregation 

The prevention of AB aggregation is an alterna- 
tive therapeutic strategy for AD. AB causes 
severe toxic reactions in neurons. AB monomers 
participate in the formation of oligomers and 
precipitate toxicity. The approaches for prevent- 
ing AB aggregation have intrigued researchers. 
However, only limited progress has been 
achieved to date in developing potential aggrega- 
tion inhibitors. 

Homotaurine binds to the AB peptide and 
prevents the formation of neurotoxic aggregates 
[44]. Several other researchers have developed 
potential clinical agents, which include inositol 
and cyclohexanol isomers, a clioquinol ana- 
logue, the polypeptide colostrinin, polypheno- 
lic compounds, omega-3-fatty acids, and 
curcumin. 
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Increasing AB Clearance 

Af degradation and clearance is an additional 
approach mediated by several enzymes such as 
natural endopeptidase neprilysin (NEP), insulin- 
degrading enzyme (IDE), angiotensin-converting 
enzyme (ACE), and plasmin. The inhibitors of 
receptor for RAGE could also be used to promote 
the degradation of AB. RAGE is responsible for 
the accumulation of Af in the neuronal cells and 
aggravates its detrimental effects. 


BACE1 Inhibitor 

There are several approaches evaluated and 
reported to reduce the formation of AB peptide. 
Inhibition enzymatic activity of -secretase 
(BACE) and y-secretase are the most crucial tar- 
gets in AD treatment. Both enzymes are respon- 
sible for cleaving the APP protein at variable sites 
to form AB. B-Secretase became the favored tar- 
get for AB-centered therapy after failures of the 
immune- and y-secretase-based approaches. 

BACE is a membrane-bound aspartic protease 
type of enzyme abundantly found in the brain and 
responsible for the cleavage of APP to form C99 
which is a small Af-containing fragment, and 
APP BACE has two isoforms: BACE-1 and 
BACE-2. BACE-1 inhibition is an attractive ther- 
apeutic strategy in AD treatment and is responsi- 
ble for APP cleaving and AB generation in the 
brain. 

It is important to evaluate these AB-production 
inhibitors at the early stage of AD and to monitor 
the side effects carefully. Some AB-production 
inhibitors interfere with brain function which 
affects fundamental mechanisms during brain 
development. 


12.2.2.2 Af Vaccine 

Many studies have focused on immunotherapeu- 
tic strategies for AD since early 2000 [45, 46]. 
Active and passive immunotherapy are the two 
most important methods mentioned above. Active 
immunotherapy (i.e., anti-amyloid vaccine) stim- 
ulates amyloid clearance by activating the 
immune system. This approach would reduce the 
amount of not only soluble amyloid species but 
also the amyloid plaques in the brain. The first 
reported AB vaccine was AN1792, but this trial 
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was halted because of serious adverse events 
[47]. Preclinical studies showed a significant 
improvement in memory deficits along with a 
drastic reduction in the amyloid burden in trans- 
genic mice [48]. However, significant neuroin- 
flammatory reactions led to brain edema and 
death in patients who received the amyloid vac- 
cine. In addition, AB immunization may cause 
cerebral microbleeds and iron deposition in the 
choroid plexus. Dementia and cognitive dysfunc- 
tion are mainly caused by abnormalities in the 
immune system in the brain to clear toxic 
proteins. 

Recently, passive immunotherapy approaches 
with anti-amyloid antibodies have been developed 
[49]. This approach also focuses on improving 
amyloid clearance in the brain without activating 
the microglial system and reducing the risk of neu- 
roinflammation. The patient’s cognitive ability 
improved, and no serious adverse events occurred. 
Currently, clinical trials are underway to test the 
clinical efficacy and safety in patients with mild 
AD. In the past 6 years, several antibodies such as 
gantenerumab from Roche, solanezumab from Eli 
Lilly, and bapineuzumab from Pfizer have entered 
the final stage of clinical trials, although they have 
not been further processed [50, 51]. These clinical 
studies were conducted only in patients with AB 
accumulation in the brain at an early stage of the 
disease, as confirmed by positron emission tomog- 
raphy (PET)scanning. Although about 0.1% of 
antibodies penetrated the BBB, were retained in 
blood, and entered circulation, not enough of them 
reached their target. 


12.2.2.3 Tau Vaccine 

Recent studies have shown the excellent potential 
of antibody- and vaccine-mediated therapy for 
AD and related tauopathies [52]. Similar to AB 
immunotherapy, tau immunotherapy also 
included two types broadly: active and passive 
approaches. Active immunization approach 
induced an innate immune response through the 
tau vaccine, which resulted in the generation of 
antibodies against the administered agent. Passive 
approach directly injected antibodies against the 
specific antigen to generate the response. Several 
approaches worked by targeting tau proteins with 
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specific immunogens, including targeting hyper- 
phosphorylated tau, specific tau peptides, multi- 
meric tau peptides, and complete tau peptides 
[53]. In addition, several immunotherapies were 
reported to exert significant effects on tauopa- 
thies related to AD. 


12.2.2.4 Tau-Aggregation Inhibitor 
GSK-36 is an important therapeutic target in AD 
due to its role in tau hyperphosphorylation and 
the deposition of senile plaques [54]. Several 
classes of GSK-3B inhibitors have been reported 
to exert potential effects on AD. The first reported 
inhibitor is lithium ions (Li*), which might exert 
their actions through potassium depletion or 
competition with Mg”* ions. 

In addition, several other small-molecule drug 
classes were also reported, such as hymeniald- 
isine, paullones, indirubins, and thiadiazolidi- 
nones. The GLP-1 peptide and its analogue 
liraglutide, which are effective treatments for 
type II diabetes, have also been explored and 
found to be effective against AD in a transgenic 
mouse model [55]. 
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Abstract 


Cognitive intervention is a specific form of 
non-pharmacological intervention used to com- 
bat cognitive dysfunction. In this chapter, 
behavioral and neuroimaging studies about 
cognitive interventions are introduced. 
Regarding intervention studies, the form of 
intervention and the effects of the interventions 
have been systematically sorted out. In addi- 
tion, we compared the effects of different inter- 
vention approaches, which help people with 
different cognitive states to choose appropriate 
intervention programs. With the development 
of imaging technology, many studies have dis- 
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cussed the neural mechanism of cognitive inter- 
vention training and the effects of cognitive 
intervention from the perspective of neuroplas- 
ticity. Behavioral studies and neural mecha- 
nism studies are used to improve the 
understanding of cognitive interventions for the 
treatment of cognitive impairment. 


Keywords 


Cognitive intervention - Cognitive dysfunc- 
tion - Behavioral plasticity - Neural plasticity 


13.1 Cognitive Training 


Approaches 


Cognitive interventions are specific forms of 
non-pharmacological interventions for the direct 
or indirect treatment of cognitive dysfunctions 
[1]. The theoretical basis of cognitive interven- 
tion is the characteristics of brain plasticity [2]. 
In other words, the brain has the ability to modify 
and adapt itself to its changed reality both struc- 
turally and functionally [3]. The brain is regu- 
lated not only by internal factors such as genes 
but also by external factors such as learning expe- 
rience, sensorimotor inputs, and physical stimu- 
lation [4, 5]. Thus, cognitive interventions, as an 
external factor, can cause plasticity changes in 
the brain to improve cognitive function. 
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Cognitive training is one of the main cognitive 
intervention methods and specifically refers to the 
training of different cognitive domains and cogni- 
tive processes [6]. Cognitive training is believed 
to effectively improve subjects’ cognitive func- 
tion and enhance their cognitive reserve [7]. This 
training is subdivided into single-domain and 
multi-domain training based on the number of 
domains targeted by the training. Cognitive train- 
ing can be conducted in paper-based or computer- 
based forms. With the rapid development of 
computerized technology, some cognitive training 
programs have been able to automatically arrange 
and adjust training plans suitable for improving 
individual trainees’ performance [8]. Previous 
research has reported that most of cognitive 
domains have the characteristics of plasticity, that 
is, the training tasks of one cognitive domain can 
improve the performance of subjects on both the 
original and other untrained tasks in that domain. 
Some studies have also indicated that the effect of 
cognitive training is transferable and can be gen- 
erated in other untrained cognitive domains. 
Cognitive interventions are currently considered 
to be an effective supplement to pharmacological 
therapy. On the one hand, this intervention can be 
applied to patients with dementia, especially those 
with mild to moderate dementia, especially lead- 
ing to more benefits in cases of limited clinical 
drug treatment [9]. On the other hand, as the inter- 
vention time window for dementia and cognitive- 
related diseases moves forward, cognitive 
interventions, especially cognitive training, are 
targeted to individuals in the pre-dementia stage 
when they do not meet the drug intervention stan- 
dards but do require cognitive training [10]. 
Therefore, cognitive training has become a scien- 
tific, safe, and effective intervention for brain 
health. 


13.1.1 Traditional Cognitive Training 
Approaches 


Traditional cognitive training usually adopts non- 
specific cognitive interventions (e.g., handcraft- 
ing, puzzle tasks, and physical exercise) to 
improve the overall cognitive or social function 
of patients with cognitive impairment [11]. These 


X. Dai et al. 


interventions can be group-based or individual- 
ized interventions. 

Handcrafting usually refers to piecing beads 
together, paper cutting, and other crafts. This 
training effectively exercises finger movements 
of older individuals and promotes brain function 
(e.g., puzzle games, scrabble games, and other 
training tasks). In addition, traditional Chinese 
games, such as Huarongdao and tangrams, are 
also often used in training. 

Exercise interventions mainly include aerobic 
exercise and resistance exercise. The former 
mainly includes walking, running, and cycling, 
whereas the latter includes some strength training 
with training equipment. Exercise interventions 
are subdivided into single- and multiform inter- 
ventions. Multiform mixed aerobic exercises, 
such as aerobic dance and traditional ethnic 
sports, have been widely used in clinical practice. 
Based on the enthusiasm of older Chinese people 
for traditional Chinese medicine sports (e.g., Tai 
Chi Quan, Baduanjin, and finger exercises), the 
concepts of meridian and acupoints within 
Chinese traditional medicine have been inte- 
grated into the process of exercise intervention. 
For instance, Qigong training (e.g., Baduanjin, 
Wuginxi, and Liuzijue) is incorporated into the 
comprehensive fitness program [12]. 


13.1.2 A Popular Cognitive Training 
Approach: Computer-Based 
Cognitive Training 


Computer-based cognitive training is a cognitive 
training program using computer platforms. This 
approach has the advantages of easy operation, 
low barriers to access for the patients, and flexible 
adjustments. Using this approach, patients can set 
training programs suitable for their own cognitive 
and physical conditions and adjust the training 
difficulty. Moreover, this approach utilizes vivid 
imagery and more engaging procedures, which is 
more likely to attract patients, arouse their train- 
ing motivation, and sustain them with a higher 
level of attention. These features are helpful to 
improve the compliance of trainees. Currently, the 
usage of computer-based cognitive training is 
increasing rapidly [12]. 
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Computer-based cognitive intervention 
mainly involves the domains of memory, execu- 
tive function, attention, and processing speed, 
which has single- and multi-domain cognitive 
training. Multi-domain cognitive training is 
often used for patients with cognitive impair- 
ment. This training aims to reduce the speed of 
cognitive decline and, to some degree, to repair 
cognitive damage. The single-domain training 
was mostly studied in the 1990s while multi- 
domain training is still widely studied today. 
Compared with the former, the latter training 
is more effective. 

In general, computer-based cognitive training 
significantly improves the cognitive function of 
older people, and it is superior to traditional cog- 
nitive stimulation training [13]. However, some 
inconsistent training results have been reported 
in different studies [14, 15]. At present, the pro- 
motion of computer-based cognitive training 
among the elderly in Chinese communities is 
still very limited, potentially due to the lack of 
localized computer training systems and the low 
ownership rate of computers in community- 
dwelling older adults. However, when these 
problems are solved, computer-based cognitive 
training will become increasingly popular in 
China. Undoubtedly, computer-based cognitive 
training will play a key role in the prevention of 
Alzheimer’s disease (AD). 


13.1.3 Newly Developed Cognitive 
Training Approach: VR-Based 
Cognitive Training 


Older adults often suffer from attention distrac- 
tions, low comprehension skills, and unfamiliar 
computer operations when they perform 
computer-based cognitive training. Virtual reality 
(VR) technology has been adapted for cognitive 
training to address these issues. This technology 
usually refers to a high-end computer interface 
that includes real-time simulation and interaction 
with multiple sensory channels. Through the 
combination of VR technology and traditional 
cognitive training, this approach may provide a 
more realistic scene for older adults and help 
them to have a better training experience [16]. 
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Moreover, VR-based cognitive training can 
combine cognitive and motor function training. 
With rich scene settings and realistic behavioral 
feedback, this type of training can improve the 
ability of older subjects to perform daily life- 
relevant skills such as walking, balance, and 
basic sensory perception [17]. 


13.2 The Effect of Cognitive 
Training 


13.2.1 The Effect of Different 
Cognitive Domains 


13.2.1.1 Memory 

As one of the most age-sensitized cognitive 
domains, episodic memory is largely affected by 
aging. Training for this type of memory is mostly 
based on some memory strategies, such as the 
Method of Loci (MoL), verbal memory strategy, 
and face-name association. In contrast, the train- 
ing for working memory mainly targets basic 
memory processing, such as the capacity of 
working memory. 

Memory training results in improved memory 
abilities in older individuals [18], and the training 
effects have been shown to persist for up to 5 
years in some subjects [19, 20]. Furthermore, 
24-h episodic memory training with adapted task 
difficulty improved self-reported memory and 
self-esteem in addition to episodic memory abil- 
ity in older people [21]. Therefore, memory train- 
ing in a specific domain can benefit other 
cognitive domains. 

In addition to the improvements of behavioral 
performance, memory training changes brain 
structure and function. Eight weeks of memory 
training caused the training group compared to 
the control group to have significantly increased 
cortical thickness. Moreover, the degree of 
change of cortical thickness in the right fusiform 
gyrus and orbital frontal gyrus was significantly 
correlated with behavioral changes [22]. In addi- 
tion, a similar pattern was also observed in even 
1-day short-term memory training. Working 
memory training improved the activation level in 
typical memory networks [23]. 
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Based on these studies, memory training 
induces neural plasticity in memory-related brain 
regions, especially in the prefrontal cortices. The 
correlation between the brain and behavioral 
changes suggests that changes in brain plasticity 
may have cognitive significance. 


13.2.1.2 Executive Function 
The training of executive function benefits perfor- 
mances of cognitive control, task switching, inhi- 
bition, and selective attention [24-27]. Like 
memory training, executive function training also 
has a long-lasting training effect. The training 
effect of a 5-week n-back task was still observed 
18 months after the training [28]. Since executive 
function is closely related to working memory, the 
executive function training can also improves the 
capacity of working memory [29, 30]. Moreover, 
executive function is widely involved in cognitive 
control processes related to daily activities, 
thus, the training in executive function also 
enhances other cognitive abilities such as lan- 
guage, reasoning, and episodic memory [29, 30]. 
The changes of brain functional activity 
caused by executive function training are mainly 
concentrated in prefrontal regions. In addition to 
the activity changes [31], changes in cerebral 
blood flow were found after 8 h of short-term 
cognitive training [24]. Compared with the con- 
trol group, the experimental group showed a sig- 
nificant increase in the perfusion of the frontal 
cortex, and such increase was related to behav- 
ioral change. Note that a significant change of 
gray matter density in both subject groups has not 
been observed, which suggests that executive 
function training might give rise to a distinctive 
change between brain function and structure. 


13.2.1.3 Processing Speed 

Processing speed training is mainly based on 
audiovisual responses and processing. In the nor- 
mal population, this training indeed improves 
cognitive function, including increased sensitiv- 
ity of vision and hearing and increased processing 
speed. It can also lead to better memory in the 
corresponding sensory domains [32-34]. The 
effects of processing speed training can be main- 
tained for 6 months up to | year, and they could 
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transfer to other cognitive domains, such as 
working memory, daily living ability, and driving 
performance [32-35]. 

Processing speed training also yielded posi- 
tive outcomes in patients with mild cognitive 
impairment (MCI). Specifically, patients with 
non-amnestic MCI in a single domain achieved 
the greatest effect of training, and the training 
effect persisted for 5 years [36]. Furthermore, 
training improves the processing speed, atten- 
tion, and working memory of patients with 
amnestic MCI [37]. 

Processing speed training has been shown to 
increase the integrity of white matter fibers in 
healthy subjects and change the activation level 
of the hippocampus in subjects with MCI [38, 
39]. Further research on MCI found that the train- 
ing enabled the protective maintenance of func- 
tional connectivity in the default mode network 
(DMN), which protected and reduced the func- 
tional connections of the central executive net- 
work (CEN) [37]. 


13.2.1.4 Visuospatial Function 
Visuospatial function training is often combined 
with working memory and processing speed 
training, and studies have mostly focused on 
healthy older adults. For example, improvements 
in reasoning and episodic memory were observed 
after 23 hours of continuous training in the 
n-back and letter recognition paradigms of lan- 
guage materials based on visuospatial working 
memory tasks. In addition, these effects are trans- 
ferable to flashback memory span tasks, sus- 
tained attention, and episodic memory [29]. 
Similarly, the training effects were retained after 
3 months in another training study [40]. After 
10 h of training on a 3D-object tracking task, a 
significant improvement in motor performance 
was observed for participants in the training 
group [41]. 

In terms of changes in brain plasticity, a total 
of 10 h of visuospatial working memory training, 
regardless of whether the test was performed 
under a high or low working memory load, indi- 
cated that brain activation was weakened mainly 
in the anterior cingulate, anterior parietal lobe, 
and hippocampus under a high load task. 
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However, in the low load test condition, changes 
mainly appeared in the dorsal lateral prefrontal 
cortex, anterior occipital lobe, and lingual gyrus. 
All of these attenuated activities were associated 
with cognitive performance. Although the train- 
ing results suggested a whole pattern of a greater 
attenuation of activation, a correlation between 
increased activity and task performance in some 
areas was also observed, mainly in subcortical 
areas such as the basal ganglia [29]. 


13.2.1.5 Language 

Speech training mainly aims to improve the abil- 
ity and willingness of older people to use verbal 
coding strategies [42]. Some studies have trained 
individuals on reading-aloud strategies in con- 
junction with arithmetic and found that reading- 
aloud strategies improved overall cognitive 
performance and the changes transferred to other 
untrained domains [43, 44]. In addition, a higher 
degree of improvement in speech comprehension 
ability, reading breadth, number span, and rea- 
soning ability was recorded in the trained group 
after learning training with language materials. 
Additionally, this effect was maintained for 
3-6 months [30, 40, 45]. 


13.2.2 The Effect of Different 
Training Approaches 


Currently, various methods are used for cognitive 
training, and these different approaches have also 
produced similar but different training effects. 

In the beginning, the researchers mainly used 
traditional training methods, such as manual exer- 
cises and physical exercises. These traditional 
training methods also helped to improve cognitive 
ability. Some methods focused on cognitive func- 
tion directly, such as 3R (reminiscence, reality, 
and remotivation) therapy or Method of Loci 
(MoL). These types of training improve cognitive 
performance in specifically trained areas. For 
instance, after 8 weeks of MoL training for 
memory, source memory performance showed 
improvement [46]. Furthermore, changes in the 
thickness of the right fusiform and lateral orbito- 
frontal cortex were positively correlated with 
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improvements in source memory performance, 
suggesting that structural changes have a possible 
functional role. Based on these findings, tradi- 
tional mental exercise may induce short-term 
structural changes in the aging human brain and 
indicate structural brain plasticity in older adults. 
Other studies have attempted to reduce the adverse 
effects of aging through manual activities. 
Although many studies have documented age- 
related decreases in the ability to learn new man- 
ual motor skills, older adults still retain the ability 
to learn and transfer after training in the related 
domains [47]. They showed similar learning abili- 
ties even when compared with younger individu- 
als [48]. In this study, training also showed 
advantages in terms of brain activity. After train- 
ing, brain activity related to task planning and 
execution decreased in temporo-parieto-frontal 
areas and subcortical regions. This result sug- 
gested that similar processes at the level of 
advanced skills enhance activation efficiency. 

Physical exercise, such as aerobics, Tai Chi, 
and yoga, is another traditional form of training. 
Many studies suggest that physical training, such 
as a relatively high level of cardiorespiratory fit- 
ness (e.g., achieved through regular physical 
training), is beneficial for maintaining brain 
health and cognitive performance [49, 50]. It is 
suggested that physical training could facili- 
tate brain health by improving white matter 
integrity, which is sensitive during aging [49]. 
The literature provides evidence that motor- 
cognitive exercise (including but not limited to 
Tai Chi and dancing) combined with motor 
(physical) and cognitive demands may be the 
most beneficial exercise to preserve or improve 
cognition in older adults. In these studies, train- 
ing not only improved physical skills and cogni- 
tive performance but also improved some key 
neuroimaging indicators, such as the volume of 
the hippocampus and white matter integrity [51, 
52]. However, only the group that underwent 
cognitive training displayed increased levels of 
brain-derived neurotrophic factor (BDNF) in the 
brain after 5 weeks of training compared to cog- 
nitive training [53]. 

In addition to traditional training methods, 
computer-based cognitive training is currently 
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popular. There is some debates about the effec- 
tiveness of computerized cognitive training. For 
healthy adults, previous literature reviews have 
revealed the effectiveness of computer-based cog- 
nitive training programs for healthy older adults 
[10, 54, 55]. Besides, these studies also showed 
that training effectiveness varies across different 
cognitive domains. Some cognitive domains, such 
as memory and processing, may be more easily 
improved by computerized cognitive training 
[54], while other domains, especially executive 
function, do not show statistically significant 
overall effect sizes (Hedges’ g, random effects 
model) compared with controls [10]. These stud- 
ies provide us with a deeper insight into how 
computerized cognitive training improves the tar- 
get cognitive domains, and this effect was 
retained even after 2 years [56]. Regarding the 
changes in the brain observed after this training 
approach, the results are mixed. On the one hand, 
computer-based cognitive training has been 
shown to alter the brain structure and function in 
older adults. On the other hand, depending on the 
area of interest, both increases and decreases in 
brain structure and function have been related to 
behavioral performance [57]. More importantly, 
even for people who have already had an abnor- 
mal cognitive decline, computer-based cognitive 
training can help improve cognitive abilities [58, 
39]. 

As with the two aforementioned approaches, 
recent cognitive intervention training for older 
adults using naturalistic VR environments based 
on daily tasks has shown good training effects. 
After VR training, the results proved positive out- 
comes in general cognition dimensions and in 
some specific cognitive domains such as execu- 
tive functioning, attention, and visual memory 
[60]. Moreover, based on the highly ecological 
characteristics of VR, it is possible to combine 
the above two cognitive training methods. A 
model combining more training methods may 
provide better training results. After a 4-week 
exergaming training combined with VR, partici- 
pants achieved improved cognitive performances 
in inhibition and task switching [61]. 

The method, content, and timing of training 
modulate the training effect [62, 63]. Therefore, 
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an increasing number of studies are investigating 
the effectiveness of combined cognitive training, 
which contains a wider range of cognitive 
domains and methods. Even for patients with 
cognitive impairment, this combined cognitive 
training has achieved greater improvements in 
cognitive and brain imaging indicators than sin- 
gle training [64, 65]. In a multimodal interven- 
tion study combining cognitive training, Tai Chi 
exercise, and group counseling, researchers used 
the amplitude of low-frequency fluctuations 
(ALFF) as an indicator of brain imaging findings. 
Increased ALFF was observed in the middle fron- 
tal gyrus, superior frontal gyrus, and anterior cer- 
ebellum in the experimental group, and decreased 
ALFF was observed in the control group. More 
importantly, these changes were associated with 
some behavioral outcomes [66]. Subsequently, 
an examination of the same type of intervention 
also revealed changes in functional connectivity. 
For instance, the functional connectivity between 
the medial prefrontal cortex and the parahippo- 
campal gyrus was significantly increased in the 
intervention group, and this change was also 
associated with changes in cognitive performance 
[67]. In addition, extensive training was associ- 
ated with increased white matter integrity, 
increased cortical thickness, and changes in 
activity in other areas of the brain [24, 68, 69]. 

In summary, although we should be cautious 
about any potential bias due to selective reports, 
current evidence suggests that at least some com- 
mercial cognitive training approaches help to 
promote healthy brain aging. 


13.2.3 The Effect on Groups 
with Different Cognitive 
Levels 

13.2.3.1 Cognitive Maintenance 

in Older Adults with Normal 

Cognitive Function 

Cognitive decline occurs even in healthy older 

people. However, they are relatively more cogni- 

tively malleable. Therefore, both the cognitive 

abilities and the brains of healthy older adults can 

benefit from cognitive training. Meta-analyses 
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confirm this hypothesis, and the results suggest 
that cognitive abilities are maintained in older 
adults with normal cognitive function [55]. 
Cognitive training has been suggested to help 
healthy older people participate more in brain- 
stimulating activities, which may stimulate cogni- 
tive plasticity and thus increase cognitive reserve. 
First, regarding the training effects, all cognitive 
interventions for the healthy older adults have 
achieved good training effects, i.e., older adults in 
the training group experienced some degree of 
cognitive improvement after a specific period of 
cognitive intervention. The interventions targeted 
memory, executive function, language, and other 
cognitive abilities [28, 30, 40, 45]. The training 
effect persists for a specific period of time, and the 
results can be maintained for up to 10 years, as 
tested by the Activity of Daily Living Scale [70]. 
In addition to the cognitive plasticity changes in 
the behavior of healthy older adults, relevant neu- 
ral indicators such as the density/thickness of gray 
matter [71], white matter integrity [63], and func- 
tional connections of the brain network [72] were 
also changed. 


13.2.3.2 Cognitive Rehabilitation 

for Older Adults 

with Cognitive Impairment 
Cognitive training helps to rehabilitate cognitive 
impairments, such as AD, mild cognitive impair- 
ment (MCI), and subjective memory impairment 
(SMD), in older adults who have already experi- 
enced abnormal pathological aging compared 
with healthy older adults. 

Patients with MCI who had more severe mem- 
ory decline also show different levels of enhance- 
ment after cognitive training in comparison with 
normal older adults [73]. These patients can 
achieve some degree of memory improvement 
with cognitive and memory training [74-77]. 
Even in patients with AD, memory training still 
shows a positive effect [78-80]. However, it is 
important to note that the success of the interven- 
tion is more related to individual characteristics 
(e.g., baseline cognitive status and educa- 
tion level) than to the degree of memory impair- 
ment [18]. Also, the changes produced by 
memory training may generalize to other cogni- 
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tive domains. Researchers administered episodic 
memory-based cognitive training for 24 hours 
with adaptive task difficulty and found significant 
improvements in episodic memory in older par- 
ticipants, as well as in self-reported memory and 
self-esteem [21]. 

For patients with MCI and SMI, cognitive 
training combined with integrated cognitive train- 
ing, such as mindfulness, life instruction, and 
exercise, is also an effective method of alleviating 
cognitive decline [81]. Individuals who received a 
period of cognitive training performed better in 
the areas of memory and attention, and this bene- 
fit remained after 6 months. More importantly, 
comprehensive training reduced the rate of con- 
version from MCI to AD, with fewer people in the 
training group converting to AD than in the non- 
training group [82-84]. Considering training 
approaches, in addition to memory, computerized 
cognitive training has been proven to be effica- 
cious in improving global cognition, other cogni- 
tive domains, and psychosocial functioning in 
people with MCI, but evidence for efficacy in 
people with dementia is weak and limited to trials 
of immersive techniques [58]. Regarding physical 
activity, healthy older adults are more likely to 
achieve cognitive improvements when involved in 
physical activity interventions [85]. However, 
moderate exercise can still improve cognitive and 
brain health in these patients [50]. 


13.3 The Brain Mechanism 
Underlying Cognitive 
Training 


13.3.1 Structural Plasticity 
of the Brain 


In studies of cognitive training for older adults, 
cognitive training affects brain regions through 
two main pathways. One is mainly associated 
with the cognitive aging of brain regions, and the 
other is associated with key brain regions affected 
by the aging process. One of the important aging 
hypotheses is the prefrontal hypothesis, which 
suggests that the prefrontal cortex is more sus- 
ceptible to the cognitive aging process than other 
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regions [86-88]. Most cognitive training inter- 
ventions for older adults change the function and 
structure of the prefrontal cortex [23, 31, 42, 66]. 
In addition, aging affects other areas (e.g., the 
medial temporal lobe areas, including the hippo- 
campus, parietal gyrus, cerebellum, and basal 
ganglia) in addition to the prefrontal cortex [89, 
90]. These areas are also sensitive to and can be 
affected by the training [29, 39, 66, 89, 90]. Brain 
regions that support training tasks, such as the 
central control network associated with executive 
functions [31] and the parietal occipital cortex 
associated with training-induced visuospatial 
attention, are also susceptible to change [29, 31]. 

However, in most studies, these two affected 
brain pathways are not completely independent, 
and there are some overlap that existed in most 
cases. As the aim of cognitive training interven- 
tions is to improve or maintain cognitive func- 
tions affected by aging, tasks involving brain 
regions are closely related to important target 
areas of the aging brain. For instance, the hippo- 
campus, which is not only one of the major brain 
regions vulnerable to the aging process but also 
the main area targeted by memory training, has 
significant effects on brain structure and func- 
tion. Studies of plasticity changes in the gray 
matter have shown that even with comprehensive 
cognitive training intervention targeting a wide 
range of regions, changes in the thickness of the 
gray matter after training also did not reach the 
whole brain levels, and such changes were more 
concentrated in some related brain regions [46, 
69, 91]. 

In terms of age differences, most studies have 
shown that the gray matter in older adults has the 
same training-related plasticity as in young indi- 
viduals, and after a certain period of training, the 
gray matter presents positive changes [46, 69, 
92]. Although older adults have less malleable 
brain structures than younger individuals, 
experience-dependent changes in the gray matter 
levels are more difficult to achieve, and the gray 
matter volume in the training group was main- 
tained compared with the decreased gray matter 
volume in the control group, indicating that train- 
ing still prevented the adverse effects of aging 
[93]. 
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Cognitive training mainly improved white 
matter fiber integrity in the frontal-apex region, 
as evidenced by increased axial diffusivity and 
increased fractional anisotropy [22, 63, 68]. Even 
after removing the effect of baseline white matter 
integrity, the positive effect of cognitive training 
was retained. Additionally, age-comparison stud- 
ies have even shown that cognitive training exerts 
a greater effect on white matter plasticity in older 
adults than in younger adults [63, 68]. 
Furthermore, the effect of white matter fiber 
integrity on training can predict migration. 

Long-term migration was associated with 
higher white matter fiber integrity in older adults, 
and a 3-month follow-up was implemented at the 
end of the training [94]. 
13.3.1.1 The Plasticity of Brain 
Function 
For brain regions affected by cognitive training, 
training also changes brain function. It manifests 
as changes in the activity pattern in the affected 
brain regions. In most studies, brain regions asso- 
ciated with the cognitive content of the training 
showed increased activation after cognitive train- 
ing. For example, increased activation in the 
occipital region was observed after visual mem- 
ory training, increased activation of the ventral 
and dorsal prefrontal lobes was detected after 
dual-task training, and increased activation in the 
frontal lobe and left caudate nucleus was observed 
after semantic coding strategy training [42, 95, 
96]. These findings can be partially explained by 
the compensation hypothesis of brain plasticity, 
which indicates that the brain regions affected by 
cognitive aging are compensated by the overacti- 
vation of the current or other regions, and this 
increased activation implies the success of 
training-induced compensation [97]. In addition 
to this evidence, the activation of new brain 
regions after cognitive training also completes 
the compensatory hypothesis in another way 
[98]. 

However, other studies also have reported a 
significant degree of decreased brain activity. For 
example, after a total of 10 h of visuospatial and 
working memory training, both low and high 
working memory loads tests, showed decreased 
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brain activation. Specifically, it is shown in the 
anterior cingulate, anterior, parietal lobe, and 
hippocampus in the high load; whereas in low 
load, the dorsolateral activity mainly appears in 
the prefrontal lobe, anterior occipital lobe, and 
the lingual gyrus [29]. To explain the decrease in 
brain activation, one opinion is that it might be 
due to the increased processing efficiency caused 
by training [99]. 

In addition to the greater changes in brain acti- 
vation, increased and decreased activation of dif- 
ferent brain regions were both reported in one 
study at the same time [100]. Additionally, cere- 
bral blood flow velocity (CBF) and ALFF 
changed after cognitive training, including a sig- 
nificant increase in perfusion in the right inferior 
frontal cortex and an increase in ALFF in the 
middle frontal gyrus and anterior cerebellum [24, 
66]. Moreover, these different studied metrics 
may represent more effective indicators than a 
conventional gray matter analysis. For example, 
some studies measured both gray matter volume 
and CBF and found that changes in CBF were 
more sensitive than changes in gray matter vol- 
ume [24]. 

Cognitive rehabilitation not only relies on 
changes in individual regions but also, more 
importantly, requires restructuring the coordina- 
tion between the various brain regions. Currently, 
an increasing number of studies use different 
methods for analyzing brain connections to 
explore the effects of cognitive training on the 
brain. 

Through cognitive training, training partici- 
pants exhibited changes in functional connectiv- 
ity under resting conditions, and the changes in 
brain areas were mainly located in key networks, 
such as the default mode network (DMN) and the 
dorsal attention network (DAN), which were 
affected by aging ina previous study. Additionally, 
some other regions are affected by tasks, such as 
the central execution network (CEN). However, 
in terms of specific changes, the results are 
mixed. 

Some studies have found that the functional 
connectivity of these networks is enhanced in the 
resting state. For example, increased functional 
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connectivity in the DMN and DAN was observed 
after long-term training [69]. In another study, 
functional connections between the medial pre- 
frontal and medial temporal lobes in the DMN 
also changed significantly after the intervention. 
This result showed similar increases in connec- 
tions between the medial prefrontal cortex and 
the parahippocampal gyrus [67]. The increase in 
functional connections within and between net- 
works proves the positive effect of cognitive 
training on the functional reorganization of brain 
networks. 

In addition to the reported results on improved 
functional connectivity, studies have also pre- 
sented the weakening function of brain connec- 
tions. For example, after visuospatial processing 
speed training, functional connections in the 
DMN were only maintained but not enhanced, 
and the functional connections in the CEN were 
weakened [37]. After auditory perception pro- 
cessing training or visuomotor memory training, 
the functional connections between the medial 
parietal lobe and the inferior temporal lobe were 
weakened [63]. Two possible explanations for the 
weakening of functional connections in the net- 
work after training have been proposed. One 
explanation is that continuous training improved 
the task-related processing efficiency in certain 
brain regions, thereby reducing the dependence 
on functional connections in the network [37]. 
Another possible reason is that training reduces 
the degree of dedifferentiation of brain areas 
caused by aging, making the brain areas required 
for the task less generalized. The homogeneous 
activity within the network is weakened, and the 
functional connections of some brain networks 
are reduced [101]. Furthermore, the correlation 
between the change in functional connectivity 
and training migration indicated that the remod- 
eling of network function is one of the key mech- 
anisms of cognitive rehabilitation [63]. 

In general, the plasticity of brain areas affected 
by cognitive rehabilitation are focused on the 
areas of the brain associated with aging suscepti- 
bility and training task-related areas, as specifi- 
cally manifested by increased brain activation, 
increased gray matter thickness, increased white 
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matter integrity, and enhanced functional connec- 
tions in key brain networks (such as the DMN 
and DAN). This evidence shows that cognitive 
training improves all aspects of the brain, includ- 
ing structure and function, which then compen- 
sate for the decline induced by aging. Notably, 
the changes caused by cognitive training con- 
tinue during the aging process, which causes 
degenerative damage to brain structures and 
functions in the older adults. Based on this prem- 
ise, cognitive training still effectively increases 
plasticity in the brain of older adults. Moreover, 
these changes in neural mechanisms are also sig- 
nificantly correlated with the improvement in 
behavioral performance, suggesting that changes 
in the plasticity of the elderly brain caused by 
cognitive training may be an important mecha- 
nism by which cognitive training improves the 
cognitive ability of older populations. 
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Abstract 


Cognitive aging is inevitable. However, 
researchers have demonstrated that lifestyle 
adjustments can reduce the risk of cognitive 
impairment. A healthy diet style, the 
Mediterranean diet, has been proven to benefit 
the elderly. Oil, salt, sugar, and fat are, on the 
contrary, risk factors for cognitive dysfunction 
because of the resultant high caloric intake. 
Physical and mental exercises, especially cog- 
nitive training, are also beneficial for aging. At 
the same time, several risk factors need to be 
noted, such as smoking, alcohol consumption, 
insomnia, and excessive daytime sleeping, 


C. Liu 

State Key Laboratory of Cognitive Neuroscience and 
Learning, Faculty of Psychology, Beijing Normal 
University, Beijing, China 


Beijing Aging Brain Rejuvenation Initiative (BABRI) 
Centre, Beijing Normal University, Beijing, China 
e-mail: c_liu@mail.bnu.edu.cn 


X. Dai - H. Li (24) 
Institute of Basic Research in Clinical Medicine, 
China Academy of Chinese Medical Sciences, 
Beijing, China 


Beijing Aging Brain Rejuvenation Initiative (BABRI) 
Centre, Beijing Normal University, Beijing, China 
e-mail: daixaingwei @ mail.bnu.edu.cn 


Y. Li 
Beijing Aging Brain Rejuvenation Initiative (BABRI) 
Centre, Beijing Normal University, Beijing, China 


© Springer Nature Singapore Pte Ltd. 2023 


which are highly relative to cognitive impair- 
ment, cardiovascular diseases, and dementia. 
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Contribution of Diet 
to Cognitive Function 


14.1 


14.1.1 Mediterranean Diet Benefits 


Nutritional intake plays a vital role in cognition, 
and studies have shown that a Mediterranean diet 
promotes physical health and reduces the risk of 
cognitive impairment [1]. A healthy diet main- 
tains body functioning and increases cortical 
excitability and inhibition, while also slowing 
aging-related cognitive impairment [2]. 

A “Mediterranean diet” [3] refers to the diet 
style of the Mediterranean coastal areas of south- 
ern Europe, such as Greece, Spain, France, and 
southern Italy. The diet style mainly involves 
foods such as vegetables, fruit, fish, cereals, 
beans, and olives. Vegetables and fruits should be 
fresh and local seasonal ingredients to avoid the 
loss of trace elements and antioxidants. Fish or 
poultry foods should be eaten twice a week. 
Other foods, such as cereals, typically include 
wheat, barley, oats, rice, barley wheat, and corn. 
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Food is processed as minimally as possible to 
prevent a high intake of vitamins, minerals, and 
fibers. 


14.1.2 Omega-3 Polyunsaturated 
Fatty Acids (Omega-3 PUFAs) 
Benefits 


Omega-3 PUFAs are polyunsaturated fatty acids 
characterized by the presence of a double bond 
three carbon atoms away from the terminal 
methyl group [4]. w-Linolenic acid (ALA), eicos- 
apentaenoic acid (EPA), docosahexaenoic acid 
(DHA), and docosahexaenoic acid (DPA) are 
considered omega-3 PUFAs. Among these, EPA 
and DHA are essential for delaying cognitive 
aging. EPA activates neurotransmitters that 
accelerate the transmission and processing of the 
nervous system, thereby improving cognitive 
function [5]. Meanwhile, Omega-3 PUFAs are an 
essential part of nerve cell membranes and sig- 
nificantly contribute to brain health. 


14.1.3 Negative Impacts of Oil, Salt, 
Sugar, and Fat on Cognition 


With aging, elderly individuals experience sensory 
changes, including taste bud atrophy and a decrease 
in the number of taste buds, resulting in the loss of 
appetite [6]. Older people also face increased taste 
thresholds, decreased taste sensitivity [7], taste 
bias, and a preference for sweet foods. 

In the elderly population, hyperglycemia and 
high blood viscosity predispose patients to vas- 
culopathy [8], leading to an inadequate blood 
supply to the brain and resulting in cerebral white 
matter lesions. Studies have shown that changes 
in cognitive function can be predicted by white 
matter lesions in the brain [9]. Therefore, hyper- 
glycemia is a potential risk factor for impairment 
in cognitive function. Additionally, neuronal cell 
damage resulting from a hyperglycemic environ- 
ment can lead to cognitive decline [10]. 

Research has shown that a high carbohydrate 
caloric intake in older adults may be a dietary 
factor increasing the risk of mild cognitive 
impairment (MCI) [11]. Another risk factor for 
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cognitive dysfunction is obesity caused by exces- 
sive fat content, which is usually coupled with 
disorders of glycolipid metabolism and insulin 
resistance [12]. 


14.2 Exercising Benefits 


14.2.1 Physical Exercising: 
A Protective Factor 


Studies have shown that exercise stimulates neu- 
ronal metabolism in the brain and improves syn- 
aptic plasticity, thereby improving cognitive 
function in the elderly [13]. Long-term physical 
exercise prevents cognitive decline in older peo- 
ple by approximately 25%, the risk of Alzheimer’s 
disease (AD) by 37%, and mild cognitive impair- 
ment by 46% [14]. 

Eight Pieces of Brocade, Tai Chi, and other 
traditional Chinese aerobic exercises have the 
characteristics of low speed, easily mastered 
movements, and physical and mental integration 
and are suitable for elderly individuals. In addi- 
tion, these exercises do not require special ven- 
ues or equipment, rendering them suitable for 
large-scale promotion [15]. 

The hippocampus and medial prefrontal cortex 
(mPFC) are responsible for memory function. 
The hippocampus is a brain area critical for mem- 
ory. Improvements in cognitive function are 
related to the encoding, consolidation, and extrac- 
tion of memories, all of which involve the 
mPFC. Research by Jing and colleagues claims 
that Eight Pieces of Brocade may improve func- 
tional connectivity between the hippocampus and 
mPFC, leading to improved memory function 
[16]. Moreover, aerobic exercises (e.g., jogging, 
yoga, and swimming) can prevent a decline in 
brain function and improve executive control 
functions, such as information processing, sen- 
sory perception speed, and working memory [17]. 


14.2.2 Mental Exercising: 
A Protective Factor 


Due to the plasticity of cognitive functioning, 
cognitive training can improve an individual’s 
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cognitive function and reasoning ability with 
long-lasting effects [18]. Cognitive training is an 
operable and side-effect-free method and can 
improve cognitive functions in older adults [19]. 

Cognitive training consists of the following 
three main types of training: strategy training, 
process training, and multimode integrated train- 
ing [20]. Strategy training is defined as the ability 
to learn certain methods and strategies to become 
more skilled in using cognitive resources to per- 
form different tasks. Cognitive skills (e.g., mem- 
ory, reasoning, and problem-solving) can be 
improved by increasing the volume of the key 
brain regions responsible for the training task. 
Process training is defined as the constant pro- 
cessing of a specific cognition, familiarity with 
the task, and corresponding cognitive abilities 
promoted by process training. Certain fields such 
as working memory, processing speed, attention, 
and execution control are suitable for process 
training purposes. Multimode comprehensive 
training refers to a type of cognitive intervention 
combined with lifestyle management that 
includes multiple components such as cognitive, 
social, and motor skills. This comprehensive 
training method is the most effective training 
method with migration effects. 

Cognitive training can also be effective at the 
level of the brain. Neural structure and function 
change according to the external environment 
and experience of the brain [21]. In addition, 
older adults have increased cerebral cortical gray 
matter volume and improved white matter con- 
nection integrity through cognitive training [22]. 


14.3 Habits and Aging 
14.3.1 Smoking Habits 


The number of people worldwide using tobacco 
products for chronic smoking, mainly in the form 
of cigarettes, is approximately two billion. 
Globally, at least four million people die each 
year from smoking-related diseases [23]. 
Smoking has always been considered harmful 
to the health of the general public. Several recent 
studies have shown that smoking is the main risk 


factor for fatal brain diseases and is related to 
other chronic diseases. One disease caused by 
smoking that has a major impact on health prob- 
lems worldwide is a chronic obstructive pulmo- 
nary disease (COPD). Additionally, respiratory 
bronchiolitis, interstitial pneumonia, the accumu- 
lation of poisonous substances in the lungs, 
increased blood pressure, and type 2 diabetes are 
all related to cigarettes [24]. Moreover, smoking 
increases the risk of ischemic stroke, depression, 
cognitive impairment, and dementia, including 
Alzheimer’s disease and vascular dementia [25]. 
After years of research, researchers eventually 
reached the conclusion that smoking increases 
the risk of ischemic stroke [26, 27]. More 
recently, other neurological diseases, e.g., 
Parkinson’s disease (PD) and AD, have also been 
studied in relation to smoking [28, 29]. 

Data from international cohort studies indi- 
cate that at least a 1.7 times greater risk of AD is 
associated with smoking. As the total amount of 
cigarettes smoked increases, the risk of AD evi- 
dently increases. Genes, mostly APOE, are medi- 
ators that moderate the relationship among one’s 
smoking status, exposure, and AD risk. 

Research findings have proved that smoking 
can directly cause cognitive impairment [30, 31]. 
One study of young adults found that smokers 
were inferior to nonsmokers in the mounting of 
cognitive functions, including attention, impulse 
control, expressive vocabulary, auditory-verbal 
memory, information processing speed, and gen- 
eral intelligence. Additionally, an experiment 
based on a balloon analog risk task found 
increased levels of risk-taking in young adult 
smokers with behavioral measurements [32]. 


14.3.2 Alcohol Consumption 


Many domains of functioning, such as behavior, 
memory, and judgment, have been found to be 
impaired by alcohol abuse. Additionally, one risk 
factor for dementia is heavy alcohol consumption 
[33]. Alcoholic dementia is presumed to be 
caused by the neurotoxic effects of alcohol, and 
alcohol abuse is associated with neuropathologic 
changes [34]. However, research findings have 
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been inconsistent regarding the treatment of 
alcohol-related dementia. One study suggested 
that the risk of dementia increased with alcohol 
consumption, whereas other studies found no 
associations between the two factors. Multiple 
studies investigating the relationship between 
alcohol consumption levels and cognitive perfor- 
mance have found similar inconsistencies [35, 
36]. 

Moderate drinking is defined within an exten- 
sive range. The result depends on the population 
studied and the assessment tools used [37]. Some 
studies reported no associations between the 
amount of alcohol consumption and the risk of 
dementia and AD and that even drinking light or 
moderate amounts of alcohol can be beneficial 
for elderly individuals. Studies have proven that 
light to moderate alcohol consumption reduces 
mortality from all causes, including coronary 
heart disease and cerebrovascular disease [38, 
39]. The Rotterdam Study (2002) conducted by 
Ruitenberg indicated that a lower risk of any 
dementia (hazard ratio 0.58) and vascular demen- 
tia (hazard ratio 0.29) was related to light to mod- 
erate drinking, which was defined as one to three 
drinks per day. Another study also found that a 
lower risk of vascular brain and lower hippocam- 
pus and amygdala atrophy in APOE4 carriers 
were associated with light to moderate alcohol 
consumption (one drink per week to four drinks 
per day) [40]. 

While chronic alcohol abuse can still lead to 
neurodegeneration and volume loss-related cog- 
nitive impairment in the human hippocampus, 
some studies have demonstrated that alcohol con- 
sumption may matter: light to moderate alcohol 
intake has been proven beneficial for cognition. 
Dhanabalan and colleagues found that the num- 
ber of granule cells and the volume of the granu- 
lar cell layer in the group of chronic alcohol 
abusers were significantly reduced compared to 
those in the control group [41]. The impact of 
alcohol abuse may be more significant than that 
of aging on the structure and function of the den- 
tate gyrus. The increased cell death or reduced 
number of new cells in the granular cell layer 
could be an explanation for the loss of neurons in 
the alcoholic group. 


C. Liu et al. 


14.3.3 Social Activities 


Researchers have found that healthy social rela- 
tionships can protect against depression [42], 
coronary heart disease [43], functional decline 
[44], mortality [45], and many other negative out- 
comes. A meta-analysis conducted by Kuiper and 
colleagues suggests that fewer social interactions 
increase the risk of dementia [46]. One potential 
explanation is that brain structures can be influ- 
enced by social interactions, leading to more effi- 
cient recruitment of brain networks [47]. Another 
possible explanation relates to chronic psycho- 
logical distress. Wilson and colleagues suggested 
that chronic psychological distress is a risk factor 
for AD [48]. Here, dementia can be prevented 
through social interactions, which may work as a 
buffer against stress. 


14.3.4 Learning Ability 


Physicians commonly advise older adults to par- 
ticipate in mentally and psychologically stimulat- 
ing activities to reduce their risk of dementia. 
Studies have shown that individuals with higher 
levels of education have a lower risk of AD [49]. 
Typically, people with a shorter education history 
have a two to four times higher risk of developing 
AD than those with a longer education history 
[50]. 

Older adults at risk can benefit from other 
interventions, such as multi-domain interven- 
tions, which have been shown in double-blind 
randomized controlled trials to boost or maintain 
cognitive function in elderly individuals [51]. 
The 2-year multidomain intervention in the 
Finnish Geriatric Intervention Study to Prevent 
Cognitive Impairment and Disability (FINGER) 
consists of diet, exercise, cognitive training, and 
vascular risk monitoring. This intervention has 
been shown to be effective in a shorter-term ran- 
domized controlled trial [52]. 

Studies using animal models may shed more 
light on the mechanism of learning and cognitive 
training that reduces the risk of dementia. These 
studies showed that there is a greater neural com- 
plexity after exposure to an enriched environ- 
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ment that provides stimulation [53]. One human 
study using magnetic resonance spectroscopy 
(MRS) showed that after memory training, 
elderly participants would show biochemical 
changes in the hippocampus [54]. 


14.4 Sleep and Aging 
14.4.1 Negative Impacts of Insomnia 


Sleep quality decreases with age, and 40%-70% 
of older adults have sleep disorders. Studies have 
shown that sleep deprivation plays an important 
role in cognitive function [55] and can trigger 
impaired cognitive abilities (e.g., memory 
breadth, attention allocation, and executive abil- 
ity) [56]. 

Insomnia includes the inability to fall asleep 
within 30 min, ease of waking up during the 
night, difficulty falling back asleep, poor sleep 
quality, excessive dreaming, and less than 5 h of 
total sleep. Insomnia can be adjusted to in a short 
time frame, and life and social functioning typi- 
cally remain normal. In this case, insomnia is a 
normal physiological response. However, cogni- 
tive and social functioning can be affected by 
long-term insomnia. The relevant literature has 
revealed that sleep deficiency not only affects the 
immune system by activating inflammatory 
responses and leading to tissue damage [57] but 
also induces oxidative stress responses. Sleep 
deficiency can inhibit cell proliferation by reduc- 
ing the levels of brain-derived neurotrophic fac- 
tors, reducing the number of hippocampal 
neurons, and decreasing cognitive function [58]. 


14.4.2 Excessive Daytime Sleepiness 


Excessive daytime sleepiness was reported in 
15% of older adults [59], which is significantly 
higher than that of younger adults. Indeed, sleep 
is progressively impaired with aging [60]. The 
effect of sleep complaints on elderly individuals 
is relevant, as these disturbances may also 
decrease cognitive performance in this specific 
population. 


Excessive daytime sleepiness might represent 
either a secondary phenomenon of dementia or a 
risk factor for cognitive impairment in geriatric 
subjects. Individuals who report excessive day- 
time sleepiness are more likely to be diagnosed 
with incident dementia than those who do not 
report daytime sleepiness [61]. Additionally, dis- 
turbances in sleep and circadian rhythm fre- 
quently impair the quality of life of individuals 
with AD. In a community setting, insomnia at 
night, agitated behavior at sunset, and excessive 
sleep during the daytime affect 25-40% of 
patients with mild-to-moderate dementia due to 
AD, and the intensity of these changes correlates 
with the severity of dementia [62]. 

Daytime sleepiness is related to circadian 
rhythms. Previous research has shown that over- 
all sleep problems are linked to disturbed circa- 
dian rhythms. Once the rhythms have been 
broken, it could be a major risk factor for 
dementia [63]. Decreased circadian activity 
rhythm, amplitude, and robustness have been 
suggested to be linked to the incidence of 
dementia [64]. 

Furthermore, studies focused on the sleep- 
wake cycle have proven that circadian rhythm 
directly influences the level of the amyloid-B 
(AB) peptide in the brain. Sleep deprivation 
increases AB deposition and accumulation, 
whereas sleep extension has the opposite effect. 
When AB accumulates, wakefulness is increased 
and sleep patterns are altered. Sleep abnormali- 
ties were reported early than cognitive function 
impairment. Thus, sleep and neurodegenerative 
diseases may influence each other [65]. 


14.5 Mental Health and Cognition 


Aging involves a series of processes that continue 
throughout life. Individuals have positive and 
flexible coping skills to adapt and adjust to 
changes during this period of their lives [66]. 
Psychological and sociological factors have sig- 
nificant influences on aging. A person’s religious 
beliefs, social relationships, perceived health, 
self-efficacy, socioeconomic status, and coping 
skills are all positively correlated with aging. 
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14.5.1 Negative Impacts 
of Loneliness 


Loneliness is a subjective and negative feeling 
associated with deficiencies in an individual’s 
own experience. The definition of loneliness 
often depends on both external and internal fac- 
tors. The absence of social networks is an exter- 
nal factor in the development of loneliness, and 
personality and psychological factors are typi- 
cally internal factors. 

Although one reason for loneliness is the lack 
of social networks, loneliness differs from social 
isolation. A subjectively perceived sense of social 
isolation and feeling disconnected from others is 
a type of emotional isolation, which is defined as 
loneliness. Therefore, dissatisfaction with social 
interactions is more important than the absence 
of social interactions with others [67]. 

The prevalence of loneliness among older 
people varies across studies for the following rea- 
sons: measures of loneliness, the study popula- 
tion, age groups, and sample sizes [68]. Using a 
single-item measure from the 2002 Health and 
Retirement Study (HRS) (n = 8932), Theeke 
found that 19.3% of noninstitutionalized or 
community-dwelling American adults aged over 
65 years felt lonely for much of the past week 
[69]. Using a nationally representative sample, 
the American Association of Retired Persons 
(AARP) reported that 25% of US community- 
dwelling respondents over the age of 70 years 
scored 44 or higher on the UCLA Loneliness 
Scale (n = 3012) [70]. A national survey of 
20,255 people in China found that 29.6% of 
elderly individuals aged over 60 years reported 
“often feeling lonely” [71]. 

Several neuroimaging studies have shown that 
different brain regions are activated when pro- 
cessing social information in individuals with 
different levels of loneliness. In a functional 
magnetic resonance imaging (fMRI) study, 
lonely individuals displayed less activation in the 
ventral striatum in response to positive social 
stimuli than individuals who were not lonely 
[72]. Additionally, it has been found that reduced 
gray matter density in the left posterior superior 
temporal sulcus, which is involved in the early 
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stages of social perception, was also associated 
with loneliness [73]. 


14.5.2 Negative Impacts 
of Depression 


Depression is a common disorder among older 
people that has a significant impact on their well- 
being and quality of aging. Depressive symptom- 
atology also has a similar impact. Depression is 
not only an important indicator of psychological 
well-being but is also considered a significant 
predictor of mental and physical health as well as 
longevity. Longitudinal studies have shown that 
increased depressive symptoms are significantly 
correlated with increased difficulty with daily 
activities. Regarding mortality, older adults with 
depressive disorders are at increased risk, accord- 
ing to community-based data [74]. 

Studies suggest that a history of depression 
may increase the risk of AD. Potential biases 
exist because measurement tools of depression 
vary across different studies. In retrospective 
case-control studies, the greater recall of depres- 
sion history in AD patients may bias the results 
because the experimental group was assessed 
more carefully than the control group [75]. In 
short, the relationship between depression and 
the risk of the subsequent development of demen- 
tia remains unclear. Hence, the relationship 
between a history of depression and the risk of 
developing dementia in later life still cannot be 
clarified. Researchers have raised the possibility 
that depression may be a prodromal symptom of 
AD and may appear before other illness-defining 
symptoms of AD. Therefore, depression is a sig- 
nal rather than a risk factor for AD [76]. 

Ownby and colleagues utilized meta-analysis 
to explore the relationship between a history of 
depression and the risk of developing AD [75]. 
The results indicated that individuals with a his- 
tory of depression were more likely to be diag- 
nosed with AD later in life. This finding involved 
a variety of study types, including retrospective 
versus prospective data collection and the strict- 
ness of diagnostic criteria for AD and 
depression. 
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The neurobiological mechanisms linking 
depression to cognitive decline and increased risk 
of dementia require more investigation. It has 
been revealed that depression may be a prodro- 
mal symptom of AD and is influenced by AD 
pathology. 


14.5.3 Negative Impacts of Anxiety 


The study of anxiety has been particularly 
neglected in the context of dementia and neuro- 
degenerative disease. In 1998, Beekman and col- 
leagues stated that epidemiological studies of 
psychopathology have focused on depression and 
dementia but not sufficiently on anxiety [77]. A 
recent article by Flint (2005) supports this view 
[78]. Research output in this area has signifi- 
cantly increased from an average of 215 publica- 
tions cited per year in the PsycINFO database in 
the early 1990s to an average of 434 per year 
from 2002 to 2007. 

Despite the increase in research output, the 
controversies regarding the prevalence and nature 
of anxiety remain unresolved. Flint (2005) dis- 
cussed the nature of anxiety in older adults and 
suggested qualitative differences in anxiety in 
younger people [78], but other researchers have 
ignored these differences [79]. Controversial and 
contradictory opinions exists regarding the 
comorbidity of anxiety and depression. Some 
researchers claim that most anxiety co-occurs 
with depression [78], while other scholars state 
that the prevalence of mixed anxiety and 
depression is lower than that of depression and 
anxiety alone [79]. 

The findings suggest that anxiety is associated 
with the development of AD in participants who 
are not cognitively asymptomatic. The research 
found that in cognitively asymptomatic partici- 
pants, anxiety and AD development were associ- 
ated with higher levels of cognitive impairment. 
Delaying the onset of AD and decreasing the 
threat raised by psychological symptoms could 
be avenues for reducing the risk of AD in the 
future [80]. Furthermore, a Swedish study involv- 
ing 1082 non-demented twins showed that twins 
who experienced high levels of anxiety had a 


48% higher risk of developing dementia than 
those who did not. In co-twin analyses, the result- 
ing correlation between anxiety symptoms and 
dementia indicated genetic mediation, and this 
relationship was stronger in dizygotic twins than 
monozygotic twins [81]. 

Independently of age, anxiety is likely to dam- 
age the brain directly through permanent stress, 
or indirectly through avoidance behaviors, inac- 
tive lifestyle, and loss of cognitive reserve and 
resiliency in the brain. The preventive potential 
of anxiety therapy and the role of lifestyle factors 
is of interest in future research. Here, it emerges 
that the vicious circle of anxiety and memory loss 
can be potentially prevented by cognitive behav- 
ioral therapy (CBT). Because anxiety is a modifi- 
able risk factor for future dementia, anxiety 
should be treated seriously at an early age. Better 
biomarkers and psychometric measurements are 
needed to more carefully investigate the relation- 
ship between anxiety and dementia in large 
cohort studies at the level of temporal or func- 
tional relations [82]. 
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